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Resumo 

A estimulação eléctrica funcional, vulgarmente denominada por FES (Functional Electrical 

Stimulation), surge como a tecnologia ideal para restabelecer a função muscular perdida no 

caso de paraplegia (ou hemiplegia). Através de estimulação artificial, a activação dos músculos 

pode ser controlada e, assim, os movimentos recuperados. Na generalidade dos equipamentos 

FES destinados ao membro inferior, a estimulação está pré-definida, não existindo qualquer 

acção de controlo correctivo. A possibilidade de ajustar esta estimulação às necessidades 

individuais constitui um importante avanço. Neste sentido, foi desenvolvida uma ferramenta de 

simulação computacional que permite o controlo, em anel fechado, do movimento articular 

humano. Este controlo realiza-se através de electroestimulacäo de um conjunto seleccionado 

de músculos cuja resposta fisiológica é assegurada por um modelo constitutivo do tipo Hill. O 

sistema foi particularizado para o modelo biomecânico da perna e do pé. Foram incluidos no 

modelo os 12 músculos que intervêm nos movimentos da articulação estudada, dos quais 

apenas quatro (o Tibialis Anterior, o Soleus, o Gastrocnemius Medial e o Gastrocnemius 

Lateral) tiveram as suas activações reguladas, dada à dificuldade que um protótipo teria em 

estimular correctamente todo o aparelho muscular  que cruza a referida articulação. 

O sistema foi implementado de forma discreta, de modo a simular o comportamento físico, 

usando controladores Proporcional-Integral-Derivativos (PID) adaptados. Nos vários testes 

realizados, o sistema de controlo muscular provou ser eficaz ao seguir a referência. Usando 

unicamente os dados cinemáticos de um ensaio de marcha, os resultados obtidos foram 

promissores, sendo a referência seguida apenas com uma pequena diferença de fase.  A 

introdução das forças de reacção entre o pé e o chão, meio de aproximar a simulação da 

realidade, tornou ao mesmo tempo, o modelo mais complexo. Verificou-se que o sistema 

unicamente em anel fechado (feedback) não conseguiu guiar correctamente o movimento da 

articulação, apresentando-se o pé uma vezes numa posição mais dorsiflectida do que a 

pretendida, ou a situação contrária. De modo a ultrapassar este problema, foram também 

incluidas activações musculares, através de um sistema em anel aberto (feedforward). Este 

corrigiu com sucesso os desvios resultantes da aplicação das forcas exteriores. 

Apresentaram-se os resultados e análise dos mesmos. No final, foram sugeridos 

melhoramentos, de forma a transformar o sistema de simulação numa ferramenta mais robusta 

e fidedigna da fisiologia do movimento humano.   

 

Palavras-chave: FES, Controlo, Controlador PID, Sistemas Multicorpo, Modelo Muscular de 

Hill 
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Abstract 

Functional Electrical Stimulation appears as the ideal tool to control muscle function by the 

artificial activation of the paralyzed muscles. The devices for the lower limb are based on the 

open-loop approach, this meaning that no feedback is taken into account. A simulation tool was 

developed using feedback approach in order to control an angle joint movement by providing 

the proper muscle activation. The physiological response of the muscle is guaranteed by a Hill-

type muscle model. The system was intentionally devised for the biomechanical model of the 

lower leg and foot, in which the twelve muscles inherent in the referred joint movements were 

includes. Of those, only four: the Tibialis Anterior, the Soleus, the Medial and the Lateral 

Gastrocnemius were actively controlled, mainly to the difficult that a real prototype would face in 

order to correctly stimulate all the muscle apparatus.  

The control system was implemented in a discrete way, in order to draw the control system as 

near a real physical system as possible, by using an adapted Proportional Integration Derivative 

(PID) controller. In the test examples, the muscle control system proved to be effective on 

tracking the reference. For the kinematic data of the gait trial, the results were promising; the 

controlled angle was able to track the reference, only with a small phase lag. When a more 

complex and realistic test was performed, including the ground reaction forces, the four muscles 

were not able to follow the reference in a proper way, since in certain circumstances the foot 

presented a more dorsiflexed position than the desired one and in other case the opposite 

behaviour. It was proofed that a single feedback system couldn‟t follow the reference in a proper 

way. Aiming for an improvement of the controller performance, muscle activations provided by a 

feedforward methodology were added and the tracking was successfully corrected.  

The results were shown as well as their respective discussion. At the end, further improvements 

are suggested in order to make this tool a more robust and trustworthy simulation of the human 

motion physiology. 

Key-words: FES, Control, PID controller, Multibody System, Hill Muscle Model. 
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Chapter 1 

1. Introduction 

1.1. Motivation 

One characteristic of motor deficiencies that affect the lower extremities is their impact on both 

static and dynamic postural equilibrium, resulting in a poor control of voluntary movement and 

trunk balance as well as in lack of stability.  

Many type of lesions and disorders cause motor impairment and muscle paresis due to deficits 

of the neuromuscular system. The most frequent causes of motor impairment are Spinal Cord 

Injury (SCI), stroke (CVA), central or peripheral nervous system lesion and cerebral palsy. The 

social impact and the health burden of these conditions is huge. Two elucidative examples can 

be provided, only in the USA: an alarming number of 11,000 new SCIs is reported each year 

and, of those, an estimated 52% represents paraplegic patients (SCI-INFO 2009). As far as 

stroke is concerned, numbers show that it affects more than about 700,000 individuals annually 

(UniversityHospital 2009). 

Many centers around the world are working on the problem of the loss of muscle function and 

the resulting motor deficit (paresis or paralysis) due to these different etiologies. Several 

potentially effective, challenging therapies have been pointed out and are currently being 

investigated, including a combination of stem cells, growth factors and other molecules to mimic 

new muscles, new neurons or new axons, reconnecting them to the appropriate targets (Stein 

and Mushahwar 2005). However, at present, these potential new therapeutic approaches are 

not a option for the vast majority of the patients. Therefore, efforts should be done to improve 

quality of life of these patients with the development and implementation of new different 

functional rehabilitation techniques. Functional Electrical Stimulation (FES), orthotic devices or 

even the combination of both (so-called hybrid devices) have appeared as credible and useful 

tools. 
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1.2. Objectives  

The purpose of this work is to create a computational model of a pathological lower leg and foot 

whose movement is correct by means of the application of Functional Electrical Stimulation in a 

subset of paretic/paralysed muscles. A control module, responsible for generating the adequate 

muscle activations, will be developed, thinking of an electrical stimulation of the muscle fibers. 

The musculoskeletal model will be able to track a pre-defined reference, in an accurate and 

precise way. The created computational system should be a trustworthy simulation tool of the 

human body, whose results are expected to provide insight to the development a future physical 

prototype, in the scope of the FCT DACHOR project – Multibody Dynamics and Control of 

Hybrid Active Orthoses (MIT-Pt/BS-HHMS/0042/2008). 

1.3. Literature Review 

Movements like walking are often seen as a relatively simple task, performed in such an 

automatic way that a person can walk while talking with a friend. However, in fact they 

constitute a highly complex process, resulting from an intricate interaction between the Central 

Nervous System (CNS) and the Musculoskeletal System. The signals produced at the motor 

and premotor areas in the brain must be transmitted to the spinal cord to activate the motor 

neurons directly or indirectly. These motor neurons will control the way muscles produce the 

desired motion. In the specific case of walking, a group of muscles, spanning several joints, is 

activated during the swing phase. Once the limb is on the ground, another group must be 

coordinated to support the body weight. Meanwhile, sensory information is being transmitted 

from the visual system, skin, muscles and joints into the sensory and motor areas of the brain, 

allowing the limb to modify their trajectory to land, for instance, on a safe spot (Stein and 

Mushahwar 2005). 

The intricate relation of the neuromuscular system can be compromised by several disorders or 

injuries, which might lead to muscle paresis or paralysis. These have been pointed out as one 

of the main problems in public health. For example, in North America and in Europe, prevalence 

of muscle paresis/paralysis has been estimated to be 500-1,000 persons per one hundred 

thousands of the population (Rittipad and Charoen 2008). Muscle paresis/paralysis can occur in 

several parts of the body, affecting patients‟ quality of life in many different ways. Paralysis and 

Paresis affecting the lower limbs muscle apparatus usually results in inability to climb stairs, 

walk or even stand, significantly reducing patients‟ independence and, consequently, their 

quality of life. One of the most frequent clinical presentations involving lower limb paresis is the 

drop foot. 

The drop foot and foot drop are interchangeable terms to describe weakness or contracture of 

the muscles around the ankle joint, made evident by patients‟ inability to lift the foot and toes 

properly during walking. The conventional approach to address foot drop is the prescription of 

an ankle-foot Orthosis (AFO). It maintains the foot in a dorsiflexed position throughout the gait 
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cycle, providing some stability during the stance phase and improving the swing phase by 

assisting toe clearance and promoting heel-strike (Kottink, Hermens et al. 2008). It is also 

simple to use and is a relatively inexpensive device. However, it has significant drawbacks. AFO 

limits the mobility of the ankle joint during gait as well as it may interfere with the sensory 

feedback, which may inhibit recovery in long term. Furthermore, it is poor cosmetics and may be 

uncomfortable and ineffective (Ring, Treger et al. 2009).  

In this way, Functional Electrical Stimulation (FES) appears as an alternative to treat the 

symptoms of muscle paralysis/paresis and drop foot in particular. This technology is based on 

the use of voltage pulses delivered via one or more surfaces or implantable electrodes, thus 

providing the electrical stimuli to induce muscle contraction and, therefore, the corresponding 

joint movement. The functional electrical stimulation principle has been successfully applied to 

several distinct devices, like pacemakers or cochlear implants, enabling patients to regain 

important capabilities.  

As early as in 1960, the applicability of FES to lower limb paralyzed muscles was demonstrated 

by Kantrowitz, which applied surface stimuli to promote standing, or by Liberson et al, who 

developed the first portable neuroprosthesis to prevent the drop foot. Following developments 

resulted in multichannel neuroprostheses with more sophisticated stimulation sequences, either 

via surface (Kralj et al, 1983) or percutaneous (Marsolais , Kobetic,1987) electrodes and in the 

microprocessor technology, which has enabled the computer-controlled FES systems (Riener 

1999). Despite all the new technology, most commercially available FES-assisted walking (and 

standing) devices still employ an open-loop operation, in which the desired electrical stimulation 

must be adjusted manually. Nowadays, the FES-assisted gait tends to be slow, awkward, 

unnatural looking and requires a great deal of energy from the user (Thrascher and Popovic 

2008). In order for a FES system to become a realistic clinical device, it should be portable, 

reliable for daily use, robust enough to change in the response of the muscle electrical 

stimulation and easy to use (Lynch and Popovic 2005).  

The critical step retarding the widespread clinical application of FES devices is the design of the 

control system (Lynch and Popovic 2005). The controller must determine the adequate 

stimulation pattern to fulfill the desired movement, being able to respond to external (for 

example forces or obstacles) and internal (such as muscle fatigue, spasticity) disturbances. 

From this point of view, the closed-loop system appears as the answer. The controller output is 

based on the measured signals, which are continuously recorded by sensors that keep on 

sending feedback to the controller, always following the actual state of the system. Throughout 

the past years, several strategies for closed-loop control in the FES system have been studied. 

In the “patient-driven” approach, stimulation for the paralyzed muscles is influenced and even 

controlled by the voluntary contribution of the patient, like hand reaction or posture.  Opposed to 

this strategy are the so called “controller center” approaches, in which, for example, the system 

is controlled to track a pre-defined motion trajectory. Although promising results were achieved, 

more robustness to fatigue and/or perturbations is required for the clinical FES system (Lynch 

and Popovic 2005) to operate successfully.  
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In general, for practical purposes, the FES-assisted gait usually stimulates mainly nerve fibers 

(Hamid and Hayek 2008). However, only patients with the respective lower motor neurons 

preserved are able to benefit from it. When this is not the case, nerve stimulation is no longer 

effective and cannot produce the desired muscle contraction. On the other hand, direct muscle 

stimulation can be a potential solution. After denervertaion (without reinnervation), the atrophied 

muscles can survive for some months but do eventually die. Muscle stimulation might keep 

them alive and even strengthened. FES applying direct muscle stimulation is not a common 

clinical technique, because the stimulation is less effective, requiring stimulation at each motor 

point of the muscle.  

The design, test and optimization of FES controllers have been significantly enhanced by the 

use of computational models, based on the physiological characteristics. On the one hand, the 

patient‟s dynamics is obtained by multibody systems. On the other hand, mathematical muscle 

models provide a relevant insight into the muscle force generation process. This kind of 

methodologies stands as a trustworthy simulation tool of the human body, accelerating the 

overall research process. Since time-consuming and perhaps troublesome trial and error 

experimentation can be avoided, at least shortened, as well as the number of experiments with 

humans might be reduced (Bonaroti, 1999).  

Further developments are expected, since many centers around the world are actively 

assessing the role of FES-assisted walking. FES devices will probably be though in the near 

future as common technology used to improve function and quality of life of patients with certain 

types of muscular deficit. 

1.4. Structure and Organization 

This thesis is organized in eight chapters. The first and present one provides the motivation, the 

objectives and the state of the art knowledge that positions the reader with respect to the 

subjects of the work and draws directions for the rest of the chapters that will follow.   

Chapter 2 will provide an overlook of the structural organization and the physiological properties 

of the musculoskeletal system. Common pathologies of neuromuscular systems that eventually 

lead to muscle paresis and paralysis and might benefit from the FES system will be presented 

in Chapter 3, will special emphasis put on the foot drop clinical presentation. The FES thematic 

will be addressed in Chapter 4, which is organized in five distinct sections. The first one will 

present a brief review of FES-assisted walking devices, the overall mechanism of FES devices 

will be further discussed, after, particular classes of FES devices (drop foot stimulators and 

hybrid devices) will be described and, at the end of the chapter, some therapeutic effects will be 

pointed out.  

Chapter 5 will explain the musculoskeletal model adopted in this work and all the mathematical 

formulation over it. The designed control unit responsible for leading the adopted model to track 

a pre-defined trajectory will be shown in the Chapter 6, delineating the three distinct parts: 

sensors, controllers and actuators. Chapter 7 will present the results of applying the control unit 
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to the adopted model during a gait trial. Distinct scenarios will be tested: the kinematic data 

obtained during an experimental gait trial and the same kinematic data taking into account the 

ground reaction forces. In the end, a simple combined feedforward/feedback methodology is 

presented in order to achieve a perfect tracking between the controlled system and the 

predefined reference.    

Finally, in chapter 8, overall conclusions are drawn and several perspectives of future work and 

development are described. 
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Chapter 2 

2. Locomotor System 

Human movement is a complex action resulting from a coordinated behaviour between 

muscles, bones and joints. When contracted, the muscles attached to individual bones act on 

joints, producing the necessary torque to achieve the desired movement. However, the muscles 

are only able to perform it as well as to maintain the body posture or to absorb shocks, when 

they are appropriately stimulated by the central nervous system. 

The chapter will start with a review of the musculoskeletal system functional organization and 

physiology. This review focus on the physiological process that starts with the neural activation 

signal and ends with the contraction of the muscle. Later on, the properties of the muscle tissue 

will be presented. The chapter ends with a brief description of how movements arise in the 

skeletal muscle.  

2.1. Skeletal-Muscle Anatomy 

The human body has over 430 muscles, distributed in pairs. From these, about 75 muscle pairs 

are the ones responsible for body movements (integrated the functioning of bones, joints and 

skeletal muscles) and for stabilizing body positions (continuous muscle contraction to stabilize 

joints and maintain posture) (Hall 2007). 

Each muscle is a separate organ exhibiting a very complex and organized structure (see Figure 

2.1). The skeletal muscle is composed of numerous skeletal muscle cells, called muscle fibers. 

These elongated, cylindrical cells are arranged parallel to one another and each one is 

surrounded by a plasma membrane called the sarcolemma. The fibers are transected by tiny 

tunnels called Transverse tubules (or T tubules) that cross the fiber, from side to side, providing 

a channel of transport. The muscle fiber‟s cytoplasm, called sarcoplasm, contains mitochondrias 

(responsible for the production ATP), the sarcoplasmic reticulum (that store calcium ions) and 
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numerous molecules of myoglobin (reddish pigment responsible for retaining the oxygen until 

needed by the mitochondria to produce energy). Extended along the entire length of the muscle 

fiber are cylindrical structures called myofibrils. The myofibrils contain two main types of protein 

filaments, the thin and thick filaments, whose arrangement produces the characteristic striated 

pattern of the skeletal muscle. The filaments overlapped forms compartments referred to as 

sarcomeres, the basic functional units of striated muscle. 

  

Figure 2.1 The structural organization of the skeletal muscle from a macroscopic to a 
microscopic level: skeletal muscle, fascicle, muscle fiber, myofibril (Silva 
2003). 

A sarcomere is compartmentalized between two zig-zagging zones of dense material called Z 

discs. It has a darker zone, the A band, which is extended along the entire length of the thick 

filaments; at the center of each A band is the H zone (containing only thick filaments) and, at 

both ends of the A bands there is a lighter-colored area, called I band (composed by thin 

filaments). The thick filaments, which are twice the diameter of the thin filaments, are made up 

of the myosin protein (type II with two globular heads and a long tail). On the other hand, the 

thin filaments, which are anchored to the z discs, contain the actin proteins (with a specific 

myosin-binding site for a myosin head), tropomyosin and troponin, which covers the myosin 

binding sites to actin when muscles fibers are relaxed (Tortora and Grabowski 2004).  

Several layers of connective tissue guarantee the muscle superstructured organization. Each 

fiber membrane is surrounded by a thin connective tissue, the endomysium. Fibers are bundled 

into fascicle by the perimysium and the entire muscle is wrapped in epimysium. Endomysium, 

perimysium and epimysium are extended beyond the muscle as a tendon. This cord of dense 

regular connective tissue composed of parallel bundles of collagen fibers has the function to 

attach a muscle to a bone (Hall 2007) , (Tortora and Grabowski 2004). 

Skeletal muscles are well supplied with nerves and blood vessels. An artery and one or two 

veins generally accompany each nerve that penetrates the muscle. Each muscle fiber must be 



Locomotor System 9 

 

 

 

in a close contact with the capillaries, providing a rich blood supply to deliver nutrients and 

oxygen and remove wastes resultant from the muscle contraction. Also, the axon of the motor 

neuron subdivides many times, so that each fiber is supplied with a terminal portion. A single 

motor neuron, responsible for the discharge of the electrical signal which leads to the muscle 

contraction, innervates a specific fiber group, causing the instantaneous (almost) contraction of 

all the fibers in that muscle. The motor neuron and all the fibers innervated by it, constitute the 

well known motor unit (Tortora and Grabowski 2004) which is considered the functional unit of 

the musculo-skeletal system. The number of muscle fibers in a motor unit varies. Normally, 

movements that are precisely controlled are produced by motor units with small numbers of 

fibers. On the other hand, large motor units are active for gross and forceful movements in 

which precision is less important (Hall 2007). 

A more detailed analysis concludes that the motor neuron divides into branches called axon 

terminals that approach but do not touch the sarcolemma of the muscle fibers. In the end of the 

axon terminal, known as synaptic end bulbs, are the synaptic vesicles filled with chemical 

neurotransmitter acetylcholine (ACh). On the opposite site, the sarcolemma region is named 

motor end plate. The space between the axon terminal and the sarcolemma is the synaptic cleft 

(Tortora and Grabowski 2004). 

2.2. Skeletal-Muscle Physiology  

The contraction of the skeletal muscle is a voluntary process, i.e., it is controlled by the CNS 

through electrochemical stimulation and is extremely fast (Silva 2003) , (Tortora and Grabowski 

2004). The sequence of events that starts with the neural activation signal and ends with the 

muscle contraction is called Excitation-Contraction coupling (EC coupling). The CNS emanates 

a neural signal resulting in the depolarization of the peripheral nerve which in turn gives rise to 

an action potential that travels though the peripheral motor axon. Besides the signal from the 

CNS, the axon may be depolarized in a number of ways, including trauma to the peripheral 

nerve or application of an external electrical stimulating device (Lieber 1992).  

The interface between the axon terminal of a motor neuron and the motor end plate of a muscle 

fiber is known as the neuromuscular junction, NMJ. This unit is schematically represented in 

Figure 2.2. When the action potential arrives at the axon terminal, ACh is released into the 

synaptic cleft. It diffuses and binds to specialized receptors located in the sarcolemma. This 

process opens the ion channels, thus allowing Na+ to flow across the membrane, which initiates 

the muscle action potential (Guyton and Hall 2001). This action potential depolarizes the 

membrane in its entire length (through the T-system), originating the release of calcium ions 

from the SR, thus removing the inhibitory mechanism of actin-myosin cross-bridge formation 

(Silva 2003). Each nerve impulse elicits only one muscle action potential (Tortora and 

Grabowski 2004). 
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Figure 2.2 The neuromuscular junction, includes the axon terminals of a motor 
neuron plus the muscle fiber (Silva 2003)  

The sarcomere contraction is a physical process that occurs as long as Ca
2+

 and energy (in the 

form of ATP) are available in the sarcoplasm (Tortora and Grabowski 2004). In a resting 

muscle, the troponin is tightly bound to the actin and the tropomyosin covers the sites where the 

myosin binds with the actin, forming the troponin-tropomyosin complex that inhibits the 

interaction between the actin and the myosin, and therefore the muscle contraction.  As soon as 

Ca
2+

 is released into the sarcoplasm, it binds to the troponin molecules in the thin filaments, 

causing the troponin to change shape and allows the tropomyosine to move laterally. Once 

movement uncovers the myosin-binding sites, the ATP is then split and the contraction occurs 

(Ganong 2003). As the myosin attaches to the actin, force is produced (Tortora and Grabowski 

2004). 

After the muscle fiber has contracted, relaxation occurs. When the neural impulse ceases, the 

Ca
2+

 is actively reaccumulated by SR. As the level of Ca
2+ 

in the sarcoplasm falls, interaction 

between the myosin and the actin stops and the muscle is able to relax (Lieber 1992). 

Even when the muscle is not contracting, the skeletal muscle is maintained firm. A small 

number of motor units are involuntarily and alternately activated to produce a sustained 

contraction of their muscle fibers, a process known as muscle tone (Tortora and Grabowski 

2004). 

2.2.1. Control of muscle tension 

A single action potential causes a contraction followed by relaxation. This response is called 

muscle twitch (Ganong 2003), see Figure 2.3. 

The regulation of the muscle force is accomplished by using two different physiological 

processes. Either the increment of the total tension of the single muscle fiber, which increases 

the stimulation frequency to which nerve impulses arrive at its NMJ, or the recruitment of 

additional motor units of larger size, following the so called size principle (Silva 2003), (Guyton 

and Hall 2001).  
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Figure 2.3 The electrical and mechanical responses of a skeletal muscle fiber. 
Muscle twitch starts about 2ms after the start of depolarization of the 
membrane. As it can be seen, it isn‟t an instantaneous process, resulting 
from the time that lasts activation, contraction and relaxation (Ganong 
2003).  

Regarding the first regulation process, if a second stimulus occurs before the muscle fiber has 

completely relaxed, the second contraction will be stronger than the previous one, because it 

begins when the fiber is at a higher level of tension. When the skeletal muscle is stimulated 

repeatedly, wave summation causes a sustained but wavering contraction called unfused 

tetanus (Tortora and Grabowski 2004). Due to its time dependence, this process of muscle 

force is referred to as temporal summation (Silva 2003). If the stimulation frequency reaches 90 

HZ, i.e., 90 stimuli per second, the muscle contracts tetanically (fused contraction) and further 

increments of the frequency will no longer produce force increments (Tortora and Grabowski 

2004).   

 

Figure 2.4  Myograms showing the effects of temporal summation. a) Single twitch. 
b) Second stimulus occurs before the muscle has relaxed, wave 
summation occurs and therefore, the second contraction is stronger. c) In 
unfused tetanus. d) In fused tetanus, the contraction force is steady and 
sustained (Tortora and Grabowski 2004). 

Additionally, the generation of muscular contraction forces also depends on the muscle and on 

the muscle rate of length change. Those relationships first reported by Hill (Hill, 1938), are 

presented in the following figure.  
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Figure 2.5 a) Force-Length (or Length-Tension) and b) Force-Velocity relationships 
for a fully activated muscle (adapted from (Hall 2007)).  

In the length-tension relationship, the total tension present in a stretched muscle is the sum of 

the active tension provided by the contractile element (the muscle fibers) and the passive 

tension provided by the connective tissue (tendons and muscle membranes).  

Considering only the force produced by the contractile element, it can be stated that a muscle, 

in an isometric contraction (i.e. producing force at a constant length), is only able to generate 

the contraction force for muscle lengths between half and one and a half times its resting length 

(Silva 2003). Regarding the passive tension curve, until the resting length is achieved no 

tension is produced. However, as the muscle lengthens, tension begins to build up, slowly at 

first and then more rapidly (Winter 1990). 

In the force-velocity relationship during a concentric contraction (i.e. producing force while 

shortening) the force generated by the contractile element is supposed to be smaller than the 

force it produces during an isometric contraction, while in the case of an eccentric contraction 

(i.e. producing force while lengthening) the opposite occurs and the muscle forces produced are 

greater than the muscle‟s maximum isometric force (Silva 2003).     

2.2.2. Muscle Fatigue 

Muscle fatigue can be defined as the inability of a muscle to contract forcefully after high-

intensity and prolonged activity. A muscle fiber reaches absolute fatigue once it is unable to 

develop tension when stimulated by its motor axon. Fatigue can also occur in the motor neuron, 

rendering it unable to generate an action potential (Hall 2007).  

The specific causes are not well understood. However, there is growing evidence that muscle 

fatigue is related to a reduction in the rate of intracellular Ca
2+

 release and uptake by the 

sarcoplasmic reticulum (Hall 2007). Other factors that might be associated include insufficient 

oxygen, depletion of glycogen and other nutrients or even the failure of nerve impulses in the 

motor neuron to release enough Ach (Tortora and Grabowski 2004).  
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2.3. How skeletal muscle produces movement 

The skeletal muscles produce movements upon contraction by pulling on the tendons, which, in 

turn, pull on the bones. When the activated muscle develops force, the amount of force present 

is constant through the length of the muscle, as well as in the tendons and at the sites of the 

musculotendinous attachments to the bone (Hall 2007). Most skeletal muscles cross at least 

one joint and are attached to the articulating bones that form the joint (Tortora and Grabowski 

2004). The tensile force developed by the muscle pulls on the attached bones and creates the 

torque at the joints crossed by the muscle due to the muscle arm, whose length changes 

depending on the angular position. The magnitude of the torque corresponds to the product of 

the muscle force and the force‟s moment arm (Hall 2007). As the muscle contracts, one bone is 

drawn toward the other, but usually with different kinematics. One is held nearly in its original 

position; the respective muscle attachment is named the origin. The other end of the muscle is 

attached to the movable bone by means of a tendon at a point called the insertion. The portion 

of the muscle between the tendons of origin and insertion is called the belly (Tortora and 

Grabowski 2004). 

An activated muscle can only develop tension. To produce the desired movement, skeletal 

muscles act in groups rather than individually. The muscle that causes the desired movement is 

called prime mover or agonist, the muscle which relaxes while the prime mover contracts, is 

referred to as antagonist. Whereas agonists are primarily active during the acceleration of a 

body segment, antagonists often control or brake actions. Agonist and antagonist are typically 

positioned at the opposite sides of the joint. Most movements also involve muscles called 

neutralizers or synergists and stabilizers or fixators. The former help the agonist function more 

efficiently by preventing unnecessary actions. The latter assume the role of stabilizing a portion 

of the body against a particular force. The same muscle, depending on the movement and 

external conditions, may act, at various times, as agonist, antagonist, neutralizers or fixators 

(Tortora and Grabowski 2004). 

The performance of human movements can be seen as the cooperative actions of many muscle 

groups acting sequentially and in concert (Hall 2007). 
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Chapter 3 

3. Common Pathologies 

The impairment of the normal motor function and mobility has a major impact on both static and 

dynamic postural equilibrium. A long list of diseases and injuries can seriously disrupt the 

smooth and relatively efficient sequence of normal movements (Stein and Mushahwar 2005).  

As it was introduced before, a very complex, intricate, interconnected succession of cascading 

events must successfully happen in order to the muscular contraction to occur. However, in a 

“pathologic condition” the control of one or more of the many sequential steps may be 

corrupted. The neuromuscular disorder together with its neuromuscular site may impede or 

totally obstruct the contractile pathways. Six major categories of diseases can be distinguished 

according to their site of action in the physiological system: 

 The Brain – including diseases such as Cerebral Palsy, Dystonia, Parkinson‟s Disease, 

Encephalitis, Hemiplegia or Multiple Sclerosis; 

 The Spinal Cord – e.g. Poliomyelitis, Multiple Sclerosis or Trauma; 

 The Motoneuron – e.g. Peripheral Nerve Injuries, neuropathies; 

 The Neuro-Muscular Junction – e.g. Myasthenia Gravis; 

 The Muscle Membrane – e.g. Myopathies; 

 The Contractile Architecture of the Muscle Itself – e.g. Myopathies. 

These pathologic conditions impede and/or destroy the tissues and system involved in the 

contractile process. To regain the control of those sequential events which is far desirable, and 

to prevent the progressive and degenerative nature most of the abnormalities, much work 

needs to be done (Schneck 1992). In recent years, several potential and challenging therapies 

have been pointed out in order to avoid the muscle paresis and paralysis, including a 

combination of stem cells, growth factors and molecules (that block factors liable to inhibit 

regeneration) will enable the missing elements to be replaced by the new muscles, new 

neurons or new axons that would reconnect to the appropriate targets (Stein and Mushahwar 



16 Common Pathologies 

 

 

2005). However, until these promising options became available for use in daily clinical practice, 

we should concentrate our efforts in providing the best quality of life to those patients through 

the exploration of different functional rehabilitation techniques, like Functional Electrical 

Stimulation, which may be adopted. 

Some of the clinical conditions mentioned before may potentially benefit from FES, including 

either in form of nervous or muscle stimulation. A briefly description of these conditions is 

provided in the next sections. 

3.1. Nervous System 

Muscle paralysis can be defined as the inability to produce movement under voluntary control. 

There are two types: Flaccid paralysis, caused by diseases of the lower motor neurons or their 

fibers, and Spastic paralysis, which results from diseases affecting the cortical motor neurons or 

their fibers. The former is characterized by the diminished of muscle tone. The muscle becomes 

limp and undergoes severe atrophy due to a peripheral nerve disease. On the other hand, in 

spastic paralysis, once the muscle remains innervated, only the voluntary track is interrupted, 

muscle atrophy is not marked and the muscle tone increases (Crowley 2007). 

Therefore, the motor dysfunctions due to nervous system lesions can be caused by three major 

factors: processes leading to the destruction of motor neurons in cortical and subcortical areas, 

the block of the signal transmission to motor neurons or even the death of the motor neurons 

and their axons in the peripheral nerve (Stein and Mushahwar 2005). These abnormalities, 

except for the last case, can be generalized in the so-called Upper Motor Neuron Lesion 

(UMNL). The UMNL can result primarily from five complex pathologies: Stroke, Spinal Cord 

Injury, Multiple Sclerosis (MS), Cerebral Palsy (CP) and head injuries (Lyons, Sinkjaer et al. 

2002) (a more detailed information in Appendix A). 

Among the disorders mentioned above, spasticity is often cited as a significant problem for the 

patients and caregivers. Spasticity is frequently defined as a “motor disorder characterized by a 

velocity dependent increase in tonic stretch reflexes (muscle tone) with exaggerated tendon 

jerks, resulting component of the upper motor neuron syndrome” (Braddom, Buschmacher et al. 

2007). However, in the last years, emphasis has been put into the fact that spasticity, when not 

excessive, may represent an important adaptation to the lost of function because it can assist 

weakened limbs, permit transfer ability and improve bed mobility. On the other hand, when 

severe, spastic muscular movements can be violent and uncontrolled and may result in more 

severe complications as chronic pain, bone fracture or joint dislocations. The spasticity 

treatment is mainly focused on the reduction of muscle tone and few therapeutic options have 

proven effectiveness in improving function. The treatment of spasticity involves both 

pharmacological drugs and rehabilitation, including electrical stimulation of the peripheral 

nerves (Braddom, Buschmacher et al. 2007).  

With respect to peripheral nerves and nerve roots, they may undergo demyelination and/or 

various degrees of axon degeneration, resulting in the so called Peripheral Nerve Disorders or 
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Lower Motor Neuron Lesion. This type of disease may involve the damage of a single nerve 

(mononeuropathy) or multiple nerves (polineuropathy) (Crowley 2007). Polyneuropathies are 

frequently a manifestation of a systemic disorder like diabetes mellitus, which is the most 

common cause of polineuropathy. 

3.2. Muscle 

Diseases of skeletal muscle tissue are uncommon. The principal disorders consist of muscular 

dystrophies and inflammatory myopathies.  

Muscular dystrophies are relatively rare diseases characterized by progressive muscular 

weakness and gradually increasing disability, eventually ending up in death from paralysis of 

the respiratory muscles. The basic disturbance is an abnormality in the muscle fibers that 

causes them to degenerate. The most common types are Duchenne muscular dystrophy and 

Becker muscular dystrophy. They result from a mutation of a large gene on the X chromosome; 

restraining the production of the muscle protein, dystrophin (which plays a role in maintaining 

the structure and function of the muscle fibers) (Crowley 2007).  

Diseases like muscular dystrophy or other muscle diseases that affect and destroy the muscle 

fibers themselves preclude the use of electrical stimulation systems. Muscles atrophy after 

denervation, without subsequent reinnervation, can survive a few months but do eventually die. 

Muscle stimulation was pointed out as a way to keep muscles alive and even strengthen them 

(Stein and Mushahwar 2005) 

3.3. Foot Drop or Drop foot 

Foot drop or drop foot are interchangeable terms that describe a particular neuromuscular 

deficit characterized by the weakness of the ankle and toe dorsiflexion. Many of the diseases 

previously described can cause this deficit (Jamshidi, Rostami et al. 2009). The muscles 

involved include the Tibialis Anterior, the Extensor Hallucis Longus and Extensor Digitorum 

Longus, which help the body to clear the foot during the swing phase and to control the plantar 

flexion of the foot on heel strike (Pritchett and Porembski 2009). The impairment of these 

muscles causes the foot to plantar flex and, if uncontrolled, to slap the ground. Drop foot is 

further characterized by an inability to point the toes towards the body or move the foot at the 

ankle inwards or outwards (Jamshidi, Rostami et al. 2009). Patients might develop 

compensation in other segments such as knee and hip, the so-called steppage gait, in which 

patients tends to walk with an exaggerated flexion of the hip and knee to prevent the toes from 

catching on the ground during the swing phase, or by the contralateral limb, vaulting (Braddom, 

Buschmacher et al. 2007).  

The treatment options for drop foot are highly variable and related to its etiology. In some cases, 

where foot drop results from the direct trauma of dorsiflexors, surgery repair is generally tried. If 

it is not amenable to surgery, drop foot patients can be fitted with an ankle-foot orthosis (AFO) 
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and/or electrical stimulation of the peripheral nerve (Pritchett and Porembski 2009). The former 

maintains the foot in a dorsiflexed position throughout the gait cycle, facilitating toe clearance 

and promoting heel-strike of the paretic leg as well as providing some ankle stability during the 

stance phase (Kottink, 2008). The last procedure has been recently introduced and only 

patients with drop foot caused by upper motor neuron lesion (drop foot of central neurological 

origin) are candidates to this approach (NICE 2009). Drugs with neuroprotective and 

neurotrophic properties like erythropoietin are under clinical investigation for cases resulting 

from peripheral nerve injury. 



  

 

 

 

Chapter 4 

4. Functional Electrical Stimulation 

Functional Electrical Stimulation (FES) is a technology used to restore normal control 

movements in patients with paralyzed or paretic muscles. It is based on the application of 

electrical impulses sent by electrodes (implanted in the body, worn on the skin or operating 

through the skin) to the neuromuscular tissue, enabling patients to regain useful capabilities, 

thus improving their quality of life.  

Over the last four decades, several and distinct devices have been developed. Today this 

technology is used for both functional and therapeutic purposes. The most successful FES 

system is the heart pacemaker, which is now implanted in approximately one million people 

each year (Medtronic 2009). Other neuroprosthetic devices have been prosperously developed 

and are now commercially available (some examples are presented in Appendix B). This is the 

case of the cochlear implant for profoundly deaf individuals, the sacral anterior root stimulator 

for bladder control, the deep-brain stimulator for intractable pain or the vagus nerve stimulator 

for control of epilepsy. The lower limb extremity applications are far away from this stage of 

development. Several FES research programs all over the world continue to be focused on 

three main objectives: prevention of foot drop, restoration of standing and transfer, and 

restoration of walking. In principle, a FES system to reanimate the limbs could be designed to 

work at various levels by stimulating muscles, nerves or even the spinal cord, as it can be seen 

in Figure 4.1 (Stein and Mushahwar 2005). 
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Figure 4.1  The motor function can be restored by stimulating muscle, nerves or the 
spinal cord or by recording from intact brain structures. Shown 
schematically are “patch” electrodes in a muscle near NMJ (1), cuff 
electrodes around a nerve (2), intraspinal microwires in the ventral horn 
of the spinal cord (3) and a microelectrode array in the cortex (4) (Stein 
and Mushahwar 2005). 

This chapter will start with a brief review of the FES-assisted walking devices. The mechanism 

of FES will be discussed, focusing on the type of systems, control units as well as stimulation 

characteristic. Afterwards, foot drop stimulators and hybrid devices will be presented. Some of 

the therapeutic effects of FES system will end the chapter. 

4.1. Brief History of FES- assisted walking 

The possibility of evoking involuntary contractions of paralyzed muscles by externally applied 

electricity was already known in the 18
th
 century (Riener 1999). However, only in 1960, 

Kantrowitz demonstrated paraplegic standing by applying continuous surface FES to the 

quadriceps and the gluteus maximus muscles of a spinal cord injured patient. Around the same 

time, Liberson et al developed the first portable neuroprosthesis to prevent foot-drop in 

hemiplegic patients. The device, which was the first FES system to receive a patent, consists of 

a power supply worn on a belt, two skin electrodes positioned for stimulation of the common 

peroneal nerve and a heel switch. The stimulation was activated whenever the heel lost contact 

with the ground and desactivated when the heel regained contact with the ground (Thrascher 

and Popovic 2008).  

Following developments were based on applications for hemiplegic and paraplegic patients but 

the functional gain provided by them was limited by the simple on-off stimulation protocols and 

the low number of stimulated muscles. Subsequently, several groups presented multichannel 

neuroprostheses with more sophisticated stimulation sequences and stimulation via surface 

(Kralj et al, 1983) or percutaneous (Marsolais , Kobetic, 1987) electrodes (Riener 1999). 

According to Kralj‟s technique, the stimulation of the several channels is controlled by the user 
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through two pushbuttons attached to the left and right handles of a walking frame, canes or 

crutches (Thrascher and Popovic 2008). The development of microprocessor technology has 

enabled computer-controlled FES systems, which enable flexible programming of stimulation 

sequences or even the realization of complex feedback control strategies (Riener 1999).  

Despite all the new technology, the majority of current FES-assisted walking devices 

commercially available still operate in the same fashion as the first peroneal nerve stimulator-

Liberson et al, or the early multichannel systems- Kralj et al (Riener 1999). As an example, the 

Parastep-I, the only FES device for walking to receive FDA (Food and Drug Administration) 

approval uses Kralj‟s basic technique. The FES-assisted gait tends to be slow, awkward, 

unnatural looking and requires a great deal of energy from the user (Thrascher and Popovic 

2008). For the FES system to become a realistic clinical device, it should be portable, reliable 

for daily use, robust enough to change in response of the muscle to electrical stimulation and 

easy to use (Lynch and Popovic 2005). In order to achieve that, many centers around the world 

are actively assessing the role of FES-assisted walking. 

 

Figure 4.2 The Parastep-I System in T9 paraplegic patients. The arrows point to the    
Parastep-I battery (Graupe and Kohn 1998). 

4.2. Mechanism of FES operation 

Functional Electrical Stimulation can be simply defined as the use of a voltage pulse to induce 

skeletal muscle contraction, enabling restoration of functional movement in paralyzed 

individuals (Previdi and Carpanzano 2003). 

However, FES is often referred to as “muscle stimulation”. For practical purposes, FES is used 

to stimulate mainly nerve fibers (Hamid and Hayek 2008). This is only applicable if the 

respective lower motor neurons are preserved. The electrical stimulation is used to activate the 

motor neurons and not the muscle fibers, because the threshold for electrical stimulation of the 

motor axons is far below than the threshold of the muscle fibers (due to the lower nerves 

membrane capacitance) (Riener 1999). In addition, nerve axons produce a large amplification of 

current because the stimulus spreads through the several branches, reaching also deep-lying 

muscle fibers (Stein and Mushahwar 2005). 
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A FES system is mainly composed of a microprocessor-based electronic stimulator with one or 

more channels for delivery of individual pulses through a set of electrodes connected to the 

neuromuscular system (Hamid and Hayek 2008). The microprocessor, which constitutes the so-

called control unit and the stimulator, determines when and how the stimulation is provided and 

it is also responsible for the synchronous activation of the various channels. The several 

constituents as well as some related concerns will be presented in more detail in the following 

subsections.  

4.2.1. Surface, Percutaneous and Implantable Systems 

The stimulation systems and electrodes can be grouped into external, percutaneous and 

implanted systems. In external systems, the control unit and stimulator are outside the body. 

Surface electrodes are used attached to the skin above the muscle or the peripheral nerve, 

whereas in percutaneous systems wire electrodes pierce the skin near the motor point of the 

muscle. In implanted systems, both stimulator and electrodes are inside the body. Implantable 

electrodes can be inserted into the muscle (epimysial electrodes), the nerve (epineural 

electrodes), the fascicle (intrafascicular electrodes) or surround the nerve (nerve cuff 

electrodes) (Riener 1999). There is no evidence of one system being better than the other 

(Table 4.1). On the one hand, implantable electrodes, which are securely placed near the 

muscle‟s nerve supply, provide stronger, more specific and more reliable responses (Bonaroti, 

Akers et al. 1999). However, for those to be commercially available some technology and 

surgical protocols must be improved (Jaeger 1992). On the other hand, surface and 

percutaneous electrodes are used by many laboratories worldwide. The surface stimulation is a 

non-invasive technology but becomes impractical and inconvenient if a large number of 

channels is required and it excludes deep muscles, like hip flexors, that are important in walking 

(Marsolais, Kobetic et al. 2002).The percutaneous are placed intramuscularly and must have 

high mechanical strength, corrosion resistance, negligible tissue reaction. However higher rates 

of infection and failure have been plagued if they are poorly maintained (Hardin, Kobetic et al. 

2007). 

Table 4.1 Comparison between the different types of electrodes, advantages and 
disadvantages are presented. 

 Advantages Disadvantages 

Implantable 

Specific  and selective stimulation; 

Cosmesis 

Convenience 

No external switches and body mounted 

sensors 

Invasive; 

Not ready for commercialization 

Percutaneous 

More selective and selective than surface 

electrodes 

Easier to place than the implantable 

electrdodes 

Prone to infection 

Surface 
Non-invasive; 

More used 

Only surface muscles can be stimulated; 

Difficulty positioning the electrode accurately; 

Potential skin allergies; 

Not practical and inconvinient if the number of 

channels is large 
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4.2.2. Control Unit 

The control unit of FES is still the most ambitious step towards designing clinical FES devices. 

Like the human body itself, it should be robust enough to change in response to several 

challenges. Firstly, it must compensate for the nonlinear, time-varying and coupled nature of 

muscle response, including the effects of fatigue and training (stimulated muscles become 

stronger over time). Secondly, the system has to be stable in the presence of time delays (gap 

of time between stimulation and muscle contraction and the one required to process the 

electrical stimulation) perturbation, including motor reflexes (which are unpredictable and may 

impede joint movements) and spasticity (limbs might be abnormally flexed). In addition, all of 

these requirements must be implemented in a portable battery powered electronic system 

(Lynch and Popovic 2005). 

There are two main types of control systems: open-looped (or feedforward) and closed-looped 

control (or feedback). The open-loop system applies preprogrammed stimulation patterns to the 

target muscles and it doesn‟t receive information about the actual state of the system. This 

means that neither external (forces, obstacles) nor internal (muscle fatigue, spasms) 

disturbances can be compensated (Riener 1999). Despite all the simplicity of the open-loop 

system, it is used by all the commercially available FES devices.  

In a closed-loop system, the actual state of the system, for example forces or joint angles, is 

continuously recorded by sensors, thus providing the corresponding feedback to the controller. 

Based on the measured signals, the controller determines the adequate stimulation pattern to 

fulfill the desired movement (Riener 1999) and reject disturbances such as external forces, 

muscle fatigue and spasticity (Previdi and Carpanzano 2003). In a closed-looped strategy, the 

critical step retarding the clinical use of these devices is the control algorithm (Lynch and 

Popovic 2005). Throughout the past years, several strategies for closed-loop control in the FES 

system have been studied. Although promising results were achieved, more robustness to 

fatigue or perturbations is required for the clinical FES system. For example, PID (Proportional 

Integral Derivative) controllers used by Matjačić et al (2003) (Lynch and Popovic 2005) for a 

standing strategy could be clinically useful but would require the use of sufficiently accurate 

sensors (minimizing the noise) to ensure stability. In another study (Hatwell, Oderkerk et al. 

1991), good results were achieved with a model reference controller for the FES control of the 

knee joint movement but future results, working with a nonlinear plant (including the nonlinear 

recruitment characteristics and disturbances), should be presented (Lynch and Popovic 2005). 

In addition, Ferrarin et al (2001) concluded that further improvement could be achieved by using 

an adaptive algorithm that provided a continuous on-line compensation for time-variant 

parameters related to muscle fatigue (Ferrarin, Palazzo et al. 2001). The use of artificial neural 

network appears to be a good alternative for a stimulus pattern generator for muscle 

stimulation; however, it is still a field at an early stage of development (Chang, Luh et al. 1997). 
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4.2.3. Stimulation  

The stimulation parameters which regulate the electrical pulse provided to the muscle include 

pulse amplitude (magnitude of current), duration, frequency, waveform and duty cycle (the total 

time to complete one on/off cycle) (Hamid and Hayek 2008). 

However, regarding stimulation protocols, it is not clear which one better mimics the natural 

stimulus and is more efficient to avoid fatigue during repetitive activation of human muscles. In 

fact, no form of artificial stimulation can match natural activation (Bobet 1998). 

During FES, the muscle force can be controlled by varying pulse width or pulse amplitude 

(recruitment) and frequency (rate coding). According to Bobet (1998), for a certain amplitude 

and frequency, varying the duration is preferable to varying the frequency because it produces a 

given force with fewer stimuli and less fatigue. It is also better than varying the amplitude. 

Because, despite both strategies are related with the number of nerve fibers recruited, working 

with pulse width transfers less charge per stimulus and can be more precisely controlled. 

Grading force by varying pulse width recruits motor units in reverse order, compared to the 

CNS: larger, faster units first (Bobet 1998). This pattern of stimulation is commonly used. For 

example, in (Bonaroti, Akers et al. 1999), pulse duration was adjusted to alter muscle force, and 

frequency and amplitude were set at 20 Hz and 20 mA, respectively. In Table 4.2, values of 

stimulation parameters reported in several studies are shown. In Hatwell et al (1991), it was 

reported that the value of 20 Hz for stimulation frequency was a compromise between the rate 

high enough to achieve tetanic and a desire to minimize muscle fatigue. Against this belief, 

Chou et al (2008) reported that a combination strategy that began at selected frequency (30 

Hz), and progressively increased the pulse duration until it reached the maximum and then 

progressively increased the frequency produced more successful contractions than other 

stimulation strategies (frequency-modulation only and intensity-modulation only). With this 

strategy, the muscle is able to maintain a targeted force output for a longer period of time. This 

is based on physiological principles; the CNS uses both recruitment and, after it is completed, 

rate coding to modulate muscle forces (Chou, Lesar et al. 2008). 

 

Table 4.2 Parameters used by some studies for FES. 

 Range of values 

Pulsewidth 
0-300 µs (Thrascher and Popovic 2003) 
0-500 µs (Ferrarin, Acquisto et al. 1996) 

100-600 µs (Chou, Lesar et al. 2008) 

Frequency 
20 Hz (Bonaroti, 1999) (Hatwell, 1991) 
40 Hz (Thrascher and Popovic 2003) 
10-60 Hz (Chou, Lesar et al. 2008) 

Amplitude 

20 mA (Bonaroti, Akers et al. 1999) 
10-100 mA (Thrascher and Popovic 

2003) 
0-150 mA (Ferrarin, Acquisto et al. 1996) 
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4.3. Drop Foot Stimulators (DFS)  

Drop Foot or Foot Drop Stimulators (DFS or FDS), schematically represented in Figure 4.3, are 

considered a special class of FES devices, once they are particularly addressed to correct the, 

already described, foot drop disorder. In most of DFS, the electrical pulses stimulate the 

common peroneal nerve, causing the dorsiflexors‟s contraction. Standard DFS are formed by a 

control and stimulator unit, sensors and stimulation electrodes (implantable/surface). Based on 

the real-time information provided by the sensors, the control unit determines whether 

stimulation should be applied at that time or not (O'Keeffe and Lyons 2002).  

 

Figure 4.3 The  Drop Foot correction System. In the figure it can be seen the control 
unit, the footswitch and the electrodes as well as the connection leads. 
The footswitch controls the generation of the electrical pulse. The 
stimulator is activated when the foot leaves the ground and it is then 
stopped when the foot touches the ground again (O'Keeffe and Lyons 
2002). 

DFS were developed in order to improve walking speed and technique, reduce effort when 

walking and the number of falls, reduce pain and discomfort and generally improve the patient‟s 

quality of life (NICE 2009). So, in order to suit everyday life, they must be simple to use and 

easy to fit daily. Today, they are mostly used by people with hemiplegia due to stroke, but can 

also be used bilaterally by some people with paraplegia (Thrascher and Popovic 2008). 

Some DFS have been commercialized, for example Odstock Dropped Foot Stimulator (ODFS) 

and NESS L300 (Figure 4.4). As a main application, they have the long-term mobility aid, 

allowing a significantly increase in walking speed and efficiency, but they can also be used as a 

therapeutic tool, potentially providing muscle re-education, prevent/retard atrophy, maintain or 

increase joint range of motion and increase blood flow. Although the ODFS users were 

generally satisfied, they identified the surface electrodes as problematic and a majority would 

prefer an implanted system (Thrascher and Popovic 2003).  
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 a)   b)   

Figure 4.4 a) The ODFS system is a single channelled, foot switch controlled 
stimulator. Skin surface electrodes are placed over the common peroneal 
(OdstockMedical 2006). b) The NESS L300 system consists of a 
functional stimulation cuff, intelli-sense gait sensor and control unit (not in 
the image), which communicate wirelessly, enabling easy and 
comfortable use without wires (Bioness 2009) 

A new generation of DFS, like BIONic WalkAide, using a novel implantable micro stimulator 

technology (BION) stimulated by a radio-frequency coil, has been developed. Comparing the 

BIONic WalkAide with surface stimulation, it showed a more selective activation of the ankle 

dorsiflexor muscles and a more balanced ankle flexion during walking without everting and 

externally rotating the foot. BIONic WalkAide was considered a practical alternative to the 

surface stimulation (Weber, Stein et al. 2004). 

Another recent approach for the correction of foot drop was developed by (Hoffer, Baru et al. 

2005). It consists of a fully implanted, neuroelectrically controlled FES system. The Neurostep
TM

 

FES uses the electroneurographic (ENG) signals obtained by implanted nerve cuff electrodes 

as feedback to the control system, being able to detect the several events during walking. In the 

pilot study only one patient was under analysis, but increase in walking distance without fatigue 

and improvement in balance control were reported. The Nerostep
TM

 technology is now being 

refined and expanded into an implantable assistive device platform for disabilities besides foot 

drop, like incontinence, paraplegia or chronic pain (Hoffer, 2005). 

The performance of DFS and any FES-assisted walking device still depends mainly on gait 

detection, because stimulation sequences must be properly synchronized with kinematic events 

of gait (Thrascher and Popovic 2003). In order to achieve even better results, a lot of research 

is being done on sensors development as well as controllers design. 

4.4. Hybrid Orthotic Systems 

Hybrid Orthotic Systems (Figure 4.5) are devices that combine FES and mechanical braces, like 

Reciprocating Gait Orthosis (RGO) or Ankle-Foot Orthosis (AFO), used for standing, walking 

and/or stair climbing by paraplegic patients.  

The purpose of the braces is to improve stability by reducing the number of degrees-of-freedom 

of the body, leading to a reduction in the number of muscles that require electrical stimulation. 

Therefore, a combination with mechanical exoskeletons has a potentially positive effect in 
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retarding muscle fatigue, reducing energy consumption as well as in increasing stride length 

and walking speed (Kobetic, To et al. 2009). 

Hybrid orthoses are being pointed out as an effective clinical option for individuals with 

significant orthopedic complications that might otherwise contraindicate the prescription of 

conventional braces or FES (Thrascher and Popovic 2008). However, these technologies aren‟t 

widespread yet, being used only by a small number of laboratories and clinics around the world.  

Regarding FES combined with AFO, Kim et al (2004) defended that the two devices 

complement each other in promoting gait performance. AFO assists during the stance phase 

providing stability, whereas FES increases foot clearance, assisting during swing. The orthoses 

might also improve the person‟s ability to support the body weight during the initial stance, 

progression of foot contact during stance and the ability to generate push-off in the late stance. 

A moderate gait speed increase was also associated with FES use. In addition, Ichie (1999) 

(Miyamoto, Shimada et al. 1999) claimed a reduction in the electrical stimulation required, as 

well as a decrease in the number of joints needing control due to the braces and an easier 

application of closed-loop control system, because sensors, such as electrogoniometers, can be 

attached to the orthosis.  

 a)   b) 

Figure 4.5 The Hybrid Orthosis composed by FES system with a) Ankle-Foot 
Orthosis, for correction of drop foot (Kim, Eng et al. 2004); b) Trunk-Hip-
Knee-Ankle-Foot Orthosis (THKAFO), for walking in SCI patients 
(Kobetic, To et al. 2009).  

Despite the lack of scientific evidence (little knowledge of the patient‟s physiological 

characteristics, usage patterns, long-term performance, cosmetics, financial cost, rehabilitation 

time), hybrid devices appear to be a realistic approach to restore mobility to 

paraplegic/hemiplegic patients leading to a more independent lifestyle. 
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4.5. Therapeutic applications 

Over the past years, several reports have asserted positive therapeutic effects of FES-assisted 

walking in complete/incomplete SCI patients, children with spastic cerebral palsy and even 

hemiplegic patients due to stroke. Rehabilitative applications of FES include improvement in 

muscle bulk and strength, prevention of muscular denervation atrophy, reduction of spasticity 

and improvement in peripheral circulation. Regarding osteoporosis, there is no agreement. 

Potential improvement has been reported, whereas Needham-Shropshire et al (Graupe and 

Kohn 1998) in a 16-patient study didn‟t achieve significant changes in bone mineral density. 

Interestingly, some carry-over effects have been reported (Thrascher and Popovic 2008) in 

subjects that recovered a certain amount of voluntary muscle control and improved function due 

to regular use of FES, even when the stimulator was not being used. Moreover, there is growing 

evidence that task-oriented locomotion therapy in SCI patients can help the damaged CNS to 

adapt and to form new neural pathways for voluntary function. It was suggested that when the 

electrical stimulation of the motor axons coincides with voluntary muscle effort, restorative 

modifications in the CNS may be induced (Thrascher and Popovic 2008).  

Having taken all these rehabilitative properties into account, there are also lower extremity FES 

devices used only for exercise. The most common is the bicycle ergonometer. StimMaster and 

ERGYS 2 are two of those commercially available systems. Those systems cannot be used by 

patients with partially preserved sensations in their lower limb, once they are unable to tolerate 

stimulation since the intensity of electric current is quite high (Hamid and Hayek 2008). 

Various FES strategies are used in rehabilitation medicine; their applicability depends on the 

individual‟s specific conditions, availability and affordability of the devices, as well as on some 

technical issues related to the system (inadequate reliability, inappropriate cosmetics and 

portability). Research aimed at design specifications, manufacturing problems or/and safety, is 

going on, so these systems can become available outside the laboratory environment (Hamid 

and Hayek 2008). 

. 

 



  

 

 

 

Chapter 5 

5. Biomechanical Model 

The purpose of this study was to create an integrated control simulation module to be used in 

APOLLO software package. This is developed in a FORTRAN environment and allows a 

dynamic analysis of three dimensional multibody systems (Silva 2003). This kind of tool plays 

an indispensable role in biomechanics studies today, once it stands as an efficient easy way to 

solve complex problems, like, for example, human motion. 

The multibody formulation allows for a mechanical system to be modulated and the respective 

equations of motion to be assembled and solved in a systematic way. It can provide three types 

of analyses of a certain mechanical system: kinematics analysis, forward dynamic analysis and 

inverse dynamic analysis. In the present work the focus will be put only on forward dynamic 

analysis, as it allows the determination of the dynamic response of a constrained multibody 

system due to the effect of external applied forces (joint torques or muscle forces, for example). 

One of the main objectives is to obtain the qualitative biomechanical response in terms of 

position, velocity and acceleration of every element of the system. The forward dynamics also 

provides a way to estimate external forces that are generated as a consequence of the system‟s 

interaction with the surroundings, like contact forces (Silva 2003). 

The study and analysis of human motion can be even more accurate if mathematical models of 

the skeletal muscle would be integrated in multibody systems, as it was done in this work. 

Physiologically based mathematical models, such as the one proposed by Hill, provide a 

relevant insight into muscle the force generation process. 

The use of this kind of methodologies, which stand as a trustworthy simulation tool of the 

human body, can significantly enhance the design, test and validation of several devices. Time-

consuming and perhaps troublesome trial and error experimentation can be avoided, at least 

shortened, and the number of experiments with humans can be reduced (Bonaroti, Akers et al. 

1999). 
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This chapter will provide a brief explanation of the underlying mathematical formulation of the 

multibody systems in a forward dynamics perspective. The biomechanical model, defined by its 

rigid bodies and interconnection joints, will be presented. Due to the importance of the 

mathematical models of the skeletal muscle in the envisage of multibody model and control 

architecture, the basic fundaments as well as its most relevant characteristics will be presented. 

For detailed information on skeletal muscle modelling, the interested reader is referred to the 

work of (Silva, 2003) and (Pereira, 2009). Following this sequence a description of the muscles 

considered relevant for the present work is presented together with an overview of the final 

model under analysis.  

5.1. Computational Modeling with Multibody Dynamics 

A multibody system is generally defined as a set of rigid elements (or rigid bodies) 

interconnected by means of kinematic pairs (or joints) and acted upon by external applied 

forces. These kinematic restrictions, namely the ones used in the description of the topology of 

the system as well as in the description of the driver actuators used to guide the model, are 

translated into algebraic equations (Silva 2003). Those indicate how the coordinates describing 

the multibody system (represented by vector 𝐪) can vary according to the system‟s disposition. 

These equations are put together into a global kinematic constraint vector represented by 

𝚽 𝐪, t . The coordinates must be consistent with the constraint equations all the time  

𝚽 𝐪, t = 𝟎       (5.1) 

The equations of motion of constrained system due to the effect of external forces, are 

commonly described by the system of second-order differential equations given by 

𝐌𝐪 + 𝚽𝐪
T𝛌 = 𝐠      (5.2) 

in which 𝐌 is the system global mass matrix, containing the mass and inertial characteristics of 

each element; 𝐪  is the generalized acceleration vector; 𝚽𝐪 is the Jacobian matrix of the 

constraints; 𝛌 is the vector of Lagrange multipliers that holds information related to the 

magnitude of the internal forces, and g is the generalized external forces vector that holds all 

the forces applied to the system, including the ones generated by the skeletal muscle model. 

The full description of the equations of motion of the system is, therefore, given by Differential 

Algebraic Equations (DAE): 

 
𝐌𝐪 +  𝚽𝐪

T𝛌 = 𝐠

𝚽 𝐪, t = 𝟎
      (5.3) 

However, the solution of this type of equations (DAEs) presents inherent difficulties. Therefore, 

the second equations are often differentiated twice with respect to time, resulting in the so-

called acceleration constraint equations: 
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𝚽𝐪𝐪 = 𝛄            (5.4) 

in which 𝛄 is referred to as the right-hand side of the acceleration constraint equations. The 

resulting system, is a system of Ordinary Differential Equations (ODEs) that rearranged in the 

matrix form, yields: 

 
𝐌 𝚽𝐪

T

𝚽𝐪 𝟎
   

𝐪 
𝛌
 =  

𝐠
𝛄       (5.5) 

This ODEs system is solved in forward dynamics analysis as an initial-value problem (IVP) 

(Silva 2003)). The resulting system is expressed in terms of the generalized acceleration vector, 

therefore, the position and velocity vector can be obtained using the direct integration if the 

system‟s initial state (𝐪0 ,𝐪 0) is correctly prescribed (Silva 2003) , (Almeida, Fraga et al. 2009).  

5.2. Biomechanical Model 

The biomechanical model used in this study is a representation of the anatomic segments of the 

lower leg and the foot. The model is, therefore, composed of two rigid bodies, the lower leg and 

the foot, linked to each other by a revolute joint, the ankle joint. The model is schematically 

represented in Figure 5.1. The rigid body referent to the lower leg is defined by two points, the 

knee (point number 1) and the ankle (point number 2), and two direction vectors (numbers 1 

and 2); whereas, the rigid body of the foot is defined by three points, the ankle, the heel and the 

toe (points number 2, 3 and 4, respectively), and one direction vector (vector number 3). The 

ankle joint is defined by the sharing of the ankle point by the two adjacent rigid bodies and, 

because a revolute joint is desired, the vector number three was imposed as ground, this 

meaning that only motion in the sagittal plane is allowed.  

Figure 5.1  The biomechanical model, defined by the four points, three vectors (in 
bold) and the center of mass of the respective rigid bodies (origin of local 
center of mass frame reference). 
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In order to correctly represent the physical characteristics of each anatomical segment, the 

correspondent principal physical properties (mass, principal moments of inertia, anthropometric 

length and the distance of segment center of mass from the proximal joint) were specified. In, 

the physical properties of the anatomical segments and the respective rigid bodies are 

presented in Table 5.1, for the 50
th
-percentile human male. 

Table 5.1 Physical characteristics of anatomical segments and rigid bodies for the 
50

th
-percentile human male. Note that the center of mass locations refer 

to the proximal joint. The lengths, indicated in this table and referred to 
as Li, Li, di and di are schematically represented in Figure 5.1 (Silva and 
Ambrósio, 2002).  

 Length CM location Mass  Moments of Inertia 

 Li   Li [m] di [m] di [m] mi [kg] Ixi [10
-2
Kg.m

2
] Iyi [10

-2
Kg.m

2
] Izi [10

-2
Kg.m

2
] 

Lower leg 0.439  0.151  3.636 0.543 1.915 1.570 

Foot 0.069 0.271 0.035 0.091 1.182 0.129 0.128 2.569 

 

5.3. Driving the Model 

As it was said before, the multibody system is defined by its kinematic constraint equations. 

Besides the ones used in the description of the topology of the system (presented above), the 

kinematic restrictions also include the description of the driving constraints. These algebraic 

equations are used to specify the motion of all the system, prescribing the position, velocity and 

acceleration of its driving elements. 

The model under study, besides the ankle joint that will be oriented by the designed control 

architecture, which is one of the main goals of this work, will have the motion of the knee point 

prescribed by proper driving constraints. Those are of two types, a trajectory and a rotational 

driver. The first is defined by the following set of constraint equations: 

𝚽 𝐪, t = 𝐫𝐢 − 𝐫𝐢
∗(t) = 𝟎    (5.6) 

in which, 𝐫𝐢
∗(t) is the reference trajectory given to prescribed a certain point motion i. In this 

case, it will be applied to point number 1, referred to the knee. 

On the other hand, the rotational driver has the following generic contribution to the global 

kinematic constraint vector:  

𝚽 𝐪, t = 𝐫𝐢𝐣
𝐓𝐫𝐤𝐥 − Lij Lkl cosθ (t)  = 0    (5.7) 

in which, 𝐫𝐢𝐣 and 𝐫𝐤𝐥 are two generic vectors, obtained from the points i,j,k and l; Lij and Lkl are the 

respective lengths of those vectors and θ(t) is the angle defined between the two. This type of 

driver is used to guide the angular degree-of-freedom of the knee joint, specifying the angle 

between the lower leg and the horizontal direction (direction vector number 1). Therefore, in the 

present model i and j are respectively points 1 and 2, and k and l represent the inertial 

horizontal direction vector.   
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Both the knee trajectory and angle, which are given as input data to the analysis that were 

obtained during an experimental gait trial of a male subject. As it is described in more detail in 

Appendix E, these data must be correctly processed in order to be suitable for the 

computational program, which includes filtering the lab results by using a second order, low-

pass Butterworth filter, to reduce the noise inherent to the experimental data. 

The data was recorded with a sampling rate of 60 Hz. However, in order to be suitable for the 

APOLLO software, in a forward dynamic analysis perspective, the sampled data, after being 

filtered, were interpolated using cubic splines. This process enables a continuous evaluation of 

the data at any instant of time and allows the calculation of the velocity and acceleration using 

standard and computational efficient spline differentiation techniques (Silva 2003). 

5.4. Mathematical Models of Muscle Tissue 

In chapter 2, the anatomy and physiology of the skeletal muscle tissue were briefly introduced 

at a microscopic level. On the contrary, the mathematical muscle models used describe the 

dynamics of muscle tissue at a macroscopic level. In this type of models this dynamics can be 

divided into activation dynamics and muscle contraction dynamics (Zajac, 1989). The activation 

dynamics corresponds to the transformation of the neural excitation produced by the CNS into 

activation of the contractile apparatus. Although it is not included in the following muscle model, 

the activation dynamics describes the time lag between the neural signal and the corresponding 

muscle activation and it is usually represented by first order differential equations (Silva 2003). 

The muscle contraction dynamics corresponds to the transformations of muscle activation into 

muscle force. One of the most commonly used muscle models is Hill‟s muscle model (depicted 

in Figure 5.2) and its variations. It is able to simulate the behaviour of soft tissue under both 

compressive and tensile loads, as well as active muscle action, once it includes a contractile 

element (Silva 2003).  

  

Figure 5.2  The Hill muscle model is composed by a contractile element (CE), a 
parallel damping element (DE), simulates the viscous force produced by 
intracellular and intercellular fluid within the muscle; a parallel element 
(PE), simulates the non-linear passive elastic properties of the muscle, 
and a series elastic element (SE), simulates the elasticity of the actin-
myosin cross bridges (Silva 2003).  

For this work, the muscle model (muscle contraction dynamics) used (schematically 

represented in Figure 5.3) was early implemented (Pereira, 2009) and is composed of an active 

Hill contractive element (CE) and a passive element (PE). The muscle is defined by specifying 

its geometry and force-generating properties. These properties are controlled by its current 
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length Lm (t), rate of length change L m (t) and activation am (t) (which is a number  between 0, no 

activation, and 1, muscle is fully activated), in such a way that the force produced by the active 

Hill contractile element for muscle m is:  

FCE
m  am t , Lm (t), L m (t) =

FL
m  Lm (t)  FL

m  L m (t) 

F0
m  am (t)    (5.8) 

in which F0
m  is the maximum isometric force and FL

m Lm (t)  and  FL
m L m (t)  are two functions that 

represent, respectively, the muscle force-length and the force-velocity relationship (already 

described in the Section 2.2.1.These relations, based on experimental data, can be converted 

into analytical expressions, reported by Kaplan (2000) (Silva 2003). Those functions are 

respectively: 

FL
m Lm (t) = F0

m e
−  −

9

4
 

Lm (t)

L0
m −

19

20
  

4

−
1

4
 −

9

4
 

Lm (t)

L0
m −
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20
  

2

 
    (5.9) 

 

 FL
m L m (t) =

 
 
 

 
 

0 −L 0
m > L m (t)

−
F0

m

arctan (5)
 arctan −5

L m (t)

L0
m  + F0

m 2L 0
m ≥ L m t ≥ −L 0

m

πF0
m

4 arctan (5)
+F0

m L m (t) > L 0
m

    (5.10) 

in which 𝐿0
𝑚  is the muscle resting length and 𝐿 0

𝑚  is the maximum contractile velocity above which 

the muscle cannot produce force (Silva 2003). 

 

Figure 5.3  The Hill-type muscle model used to stimulate muscle contraction. The 
physical characteristics of the DE are included in the CE and the action 
of is neglected (Silva, 2003). 

The force produced by the passive element is independent of the muscle activation and it is 

produced only when the muscle is stretched beyond its resting length (as it was said before). 

Once again, based on approximation to experimental information, the force generated by the 

passive element can be described by the following analytical expression (Kaplan, 2000, cited by 

(Silva 2003)): 

FPE
m  Lm (t) =  

0 L0
m > Lm (t)

8
F0

m

L0
m (Lm (t) − L0

m )3 1.63L0
m ≥ Lm t ≥ L0

m

2F0
m Lm t > 1.63L0

m

     (5.11) 
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In Figure 5.4, the total force is plotted when the muscle is fully activated and when muscle 

activation is only 50 %. From the figure it is clear to conclude that the force produced by the 

contractile element is dependent on the muscle length, the muscle rate of length change and 

activation, whereas the force generated by the passive element is only related to the muscle 

length, being independent of the activation and the muscle rate of length change.  

a) b) 

Figure 5.4 The total muscle force, including the force produced by the contractile 
element and the force generated by the passive element. a) the muscle 
is fully activated and b) 50 % of activation (Silva 2003). 

5.5. Muscles of Lower Leg, Ankle and Foot Complex  

The movement under analysis was the human ankle motion during gait. Although ankle motion 

primarily occurs in the sagittal plane, dorsiflexion (ankle flexion) and plantar flexion (ankle 

extension) involve a slightly external and internal (respectively) rotation of the foot. For this 

application, which is the study of foot drop, only sagittal movements were considered. The 

muscles chosen to be actively controlled were the main flexors and extensors of the ankle-foot 

system.  The Tibialis Anterior was chosen as the prime dorsiflexor and the major plantar flexors 

were the Soleus, the Medial and the Lateral Gastrocnemius, commonly grouped in the so-called 

triceps surae (a more detailed description of their activity during the gait cycle in Appendix C). 

Besides these four muscles that will be actively controlled, the remaining muscles inherent to 

the lower leg, ankle and foot system were also included in the biomechanical model, due to 

potential passive forces (also described in Section 2.2.1) that might be produced during the gait 

cycle if these muscles are stretch above their resting lengths. 

The muscle model presented above requires an accurate description of the muscles, regarding 

their physiological properties. Table 5.2, reproduced from the work of Silva (2003), contains the 

necessary physiological details for the muscle model as well as complementary information 

describing the location of the origin and insertion of each one of the muscles, their action and 

graphical representation. The physiological information required by the mathematical model for 

each muscle is: the maximum isometric force (F0), the pennation angle (), the resting length 

(L0), the tendon length (LT), the number of points describing the muscle, the rigid body number 

to which the local coordinates of the points are referred to and the Cartesian coordinates of the 

origin, via and insertion points that are used to described the path of each muscle (Silva 2003). 

These coordinates are provided with respect to the of center of mass local reference frame. 
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Table 5.2  Muscles database, from (Silva 2003). 

 

Nome: Gastrocnemius (Medial and Lateral) 

Origin: (Medial head) From posterior nonarticular surface of Medial femoral condyle; 

(Lateral head) From Lateral surface of femoral Lateral condyle. 

Insertion: The two heads unite into a broad aponeurosis which eventually unites with deep tendon 

of the Soleus to form the Achilles tendon, inserting on the middle 1/3 of the posterior 

calcaneal surface. 

Action: Powerful plantar flexor of ankle. 

 

 
F0 [N]  [deg] L0 [m] LT [m] 

N 

Pts. 
Ref. i  [m]  [m]  [m] 

Medial 1113 17 0.045 0.408 4 2 -0.0137 0.0254 -0.2096 

     2 -0.0273 0.0281 -0.226 

     2 -0.0224 0.0304 0.1008 

      1 -0.0439 -0.0026 0.0242 

Lateral 488 8 0.064 0.385 4 2 -0.0167 -0.0294 -0.2114 

     2 -0.0303 -0.029 -0.2297 

     2 -0.0249 -0.0242 0.1014 

     1 -0.0439 -0.0026 0.0242 

 

Name: Soleus 

Origin: Posterior aspect of fibular head, upper 1/4 - 1/3 of posterior surface of fibula, middle 1/3 

of Medial border of the tibial shaft, and from posterior surface of a tendinous arch 

spanning the two sites of the bone origin 

Insertion: Eventually unites with Gastrocnemius aponeurosis to form the Achilles tendon, inserting 

on the middle 1/3 of the posterior calcaneal surface. 

Action: Powerful plantar flexor of ankle. 

 

 
F0 [N]  [deg] L0 [m] LT [m] 

N 

Pts. 
Ref. i [m] [m]  [m] 

 2839 25 0.03 0.268 2 1 -0.0025 -0.0073 -0.007 

 
     2 -0.0439 -0.0026 0.0242 

 

Name: Tibialis Anterior 

Origin: Lateral condyle of tibia proximal 1/2 - 2/3 Lateral surface of tibial shaft interosseous 

membrane, and the deep surface of the fascia cruris. 

Insertion: Medial and plantar surfaces of 1
st
 cuneiforma and on case of first metatarsal 

Action: Dorsiflexor of ankle and invertor of foot 

 

 
F0 [N]  [deg] L0 [m] LT [m] 

N 

Pts. 
Ref. i [m] [m]  [m] 

 603 5 0.098 3 3 1 0.0185 -0.0119 -0.0164 

      1 0.0339 0.0187 -0.2563 

 
     2 0.0671 0.0224 0.0111 
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Table 5.1  Muscles database (Continue). 

 

Name: Tibialis Posterior 

Origin: Posterior aspect of interosseous membrane, superior 2/3 of Medial posterior surface of 

fibula, superior aspect of posterior surface of tibia, and from intermuscular septum 

between muscles of posterior compartment and deep transverse septum. 

Insertion: Splits into two slips after passing inferior to plantar calcaneovicular ligament; superficial 

slip inserts on the tuberosity of the navicular bone and sometimes Medial cuneiform 

deeper slip divides again into slips inserting on plantar suufaces of metatarsals 2-4 and 

second cuneiform.  

Action: Principal invertor of foot; also adducts foot, plantar flexes ankle and helps to supinate 

the foot 

 

 
F0 [N] 

 

[deg] 
L0 [m] LT [m] 

N 

Pts. 
Ref. i [m] [m]  [m] 

 1270 12 0.031 0.31 4 1 -0.0097 -0.002 0.012 

      1 -0.0148 0.0236 -0.2667 

      2 -0.007 0.0205 0.0266 

      2 0.0281 0.02 0.0093 

 

Name: Flexor Digitorum Longus 

Origin: Posterior surface of tibia distal to popliteal line 

Insertion: Splits into four slips after passing through Medial intermuscular septum of plantar 

surface of foot; these slips then inserts on plantar surface of bases of 2
nd

-5
th
 distal 

phalanges. 

Action: Flexes toes 2-5; also helps in plantar flexion of ankle 

 

 
F0 [N] 

 

[deg] 
L0 [m] LT [m] 

N 

Pts. 
Ref. i [m] [m]  [m] 

 310 7 0.034 0.4 5 1 -0.0086 0.0019 -0.0599 

      1 -0.0159 0.0202 -0.2667 

      2 -0.0051 0.0199 0.0246 

      2 0.0218 0.0182 0.011 

      2 0.1157 -0.0193 -0.0145 

 

Name: Flexor Hallucis Longus 

Origin: Inferior 2/3 of posterior surface of fibula, lower part of interosseous membrane. 

Insertion: Plantar surface of base of distal phalanx of great toe. 

Action: Flexes great toe, helps to supinate ankle, and is a very weak plantar flexor of ankle 

 

 
F0 [N] 

 

[deg] 
L0 [m] LT [m] 

N 

Pts. 
Ref. i [m] [m]  [m] 

 322 10 0.043 0.38 5 1 -0.0081 -0.0252 -0.0896 

      1 -0.0192 0.0179 -0.2695 

      2 -0.0113 0.016 0.0209 

      2 0.0544 0.0175 0.0002 

 
     2 0.1224 0.0188 

-

0.00118 
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Table 5.1  Muscles database (Continue). 

 

Name: Extensor Digitorum Longus 

Origin: Lateral condyle of fibula, upper 2/3 - 3/4 of Medial fibular shaft surface, upper part of 

interosseous membrane, fascia cruris, and anterior intermuscular septum. 

Insertion: Splits into 4 tendon slips after inferior extensor retinaculum each of which insert on 

dorsum of middle and distal phalanges as part of extensor expansion complex. 

Action: Extend toes 2 – 5 and dorsiflexes ankle. 

 

 
F0 [N]  [deg] L0 [m] LT [m] 

N 

Pts. 
Ref. i [m] [m]  [m] 

 341 8 0.102 0.345 4 1 0.0033 -0.0284 0.0086 

      1 0.0298 -0.0074 -0.262 

      2 0.0429 -0.0077 0.00318 

      2 0.116 -0.0207 -0.001 

 

Name: Extensor Hallucis Longus 

Origin: Anterior surface of the fibula and the adjacent interosseous membrane. 

Insertion: Base and dorsal center of distal phalanx of great toe. 

Action: Extends great toe and dorsiflexes ankle. 

 

 
F0 [N]  [deg] L0 [m] LT [m] 

N 

Pts. 
Ref. i [m] [m]  [m] 

 108 6 0.111 0.305 5 1 0.0012 -0.0235 -0.0311 

      1 0.0336 0.0088 -0.2598 

      2 0.0477 0.0131 0.0319 

      2 0.0796 0.0176 0.024 

      2 0.1232 0.0199 0.0073 

 

Name: Peroneus Brevis 

Origin: Inferior 2/3 of Lateral fibular surface; also anterior and posterior intermuscular septa of 

leg. 

Insertion: Lateral surface of styloid process of the 5
th
 metatarsal. 

Action: Everts foot and plantar flexes ankle. 

 

 
F0 [N]  [deg] L0 [m] LT [m] 

N 

Pts. 
Ref. i [m] [m]  [m] 

 348 5 0.05 0.161 5 1 -0.0072 -0.0335 -0.1217 

      1 -0.0204 -0.0292 -0.2803 

      1 -0.0148 -0.0298 -0.2917 

      2 -0.0017 -0.0309 0.0203 

      2 0.0187 -0.0417 0.0154 
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Table 5.1  Muscles database (Continue). 

 

Name: Peroneus Longus 

Origin: Head of fibula, upper ½ - 2/3 of Lateral fibular shaft surface; also anterior and posterior 

intermuscular septa of leg. 

Insertion: Plantar posteroLateral aspect of Medial cuneiform and Lateral side of 1
st 

metatarsal 

base. 

Action: Everts foot and plantar flexes ankle; also helps to support the transverse arch of the 

foot. 

 

 
F0 [N]  [deg] L0 [m] LT [m] 

N 

Pts. 

Ref. 

i 
[m] [m]  [m] 

 754 10 0.049 0.345 7 1 0.0005 -0.0373 -0.0106 

      1 -0.0213 -0.0295 -0.2824 

      1 -0.0167 -0.0298 -0.2942 

      2 -0.0049 -0.0297 0.0163 

      2 0.0191 -0.0359 0.004 

      2 0.036 -0.0195 0.0004 

      2 0.0707 0.0104 0.0019 

 

Name: Peroneus Tertius 

Origin: Arises with the extensor digitorum longus from the Medial shaft surface and the anterior 

intermuscular septum (between the extensor digitorum longus and the Tibialis Anterior). 

Insertion: Dorsal surface of the base of the 5
th
 metatarsal. 

Action: Works with the extensor digitorum longus to dorsiflex, evert and abduct the foot. 

 

 
F0 [N]  [deg] L0 [m] LT [m] 

N 

Pts. 
Ref. i [m] [m]  [m] 

 90 13 0.079 0.1 3 1 0.001 -0.0238 -0.138 

      1 0.0236 -0.0164 -0.2684 

 
     2 0.0365 -0.0374 0.016 
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5.6. Final Model 

The final biomechanical model, relative to the lower leg and foot anatomic system, is shown 

Figure 5.5. It is represented by the two rigid bodies, connected by the joint of the ankle and by 

all the muscles associated to this physiological system. From all the muscle apparatus of ankle-

foot anatomic system, only four muscles are actively controlled. Those are represented in light 

blue. The others are drawn in dark blue and were included to mimicate the pathological system 

in which they still have the ability to produce passive force.  

 

Figure 5.5  The biomechanical model together with the muscle apparatus under 
analysis, three different views of all muscle apparatus. In the last two 
frames, in light blue, the muscle actively controlled and dark blue the 
group of muscle which only passive behaviour is taken into account. 

 

 

  



  

 

 

 

Chapter 6 

6. Control of a Biomechanical System 

The desired control unit is a closed-loop (feedback) system capable of an accurate control of 

the multibody system. A typical structure of the elementary closed-loop system is schematically 

presented in Figure 6.1. Besides the plant (common name given to the process/system that will 

be controlled), it is composed of sensors, responsible for evaluating the system state, actuators, 

responsible for the translation of the controller output into meaningful information to the system 

and the controller itself.  The controller is responsible for guiding the system to follow a certain 

reference input. The controller must be robust enough so the tracking can succeed despite the 

presence of disturbance inputs to the plant and errors in the sensors or even if the dynamics of 

the plant changes somewhat during the operation (Franklin, Powell et al. 1998). 

The output of the plant is often called process or control variable and usually represented by 

y(t), the reference is represented by r(t), the difference between the measurement and the 

reference is known as error e(t) and the output of the controller and input to the plant is referred 

to as the manipulated variable and is represented by u(t). 

 

 

Figure 6.1 A block diagram of a generic closed-loop control system (adapted from 
(Franklin, Powell et al. 1998)) 
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6.1. PID Controllers 

Several types of controllers are available for inclusion in a feedback loop. Proportional-Integral-

Derivative controllers (PIDs) are widely recognized as being one of the most versatile and 

efficient family of controllers.  

The PID controller algorithm (schematically represented in Figure 6.2) involves three separate 

contributions: the proportional, the integral and the derivative terms. The proportional term 

parameterized by Kp, also called proportional gain, determines the reaction to the current error; 

the integral constant Ti determines the reaction based on the sum of recent errors, and the 

derivative gain Td determines the response based on the rate at which the error has been 

changing (Botto 2008). The sum of these three contributions with the correct gains or tuning of 

the controller, is used to achieve the desired control response.  

The response of the controller can be described in terms of the responsiveness of the controller 

to an error, the degree to which the controller overshoots the reference (the process output 

crosses over the reference) and the degree of the system oscillation. Note that the use of the 

PID algorithm does not guarantee optimal control of the system or system stability (Botto 2008). 

 

Figure 6.2 A generic block diagram for a continuous PID controller (adapted from 
(Botto 2008)) 

The proportional term affects the output of the controller by multiplying the error (difference 

between the measurement and the respective reference) by the constant Kp. This means that 

larger values of the gain lead to faster response and to a controller more able to respond to 

potential system disturbances. However, if the gain is too high, the system might oscillate and 

become unstable. In addition, this control action is not capable of settling the system at its target 

value, it will retain a steady state error (Botto 2008).  

Regarding the integral term, the output of the controller is proportional (by the value of KpTi ) to 

both the magnitude of the error and the duration of the error. The integral term (when added to 

the proportional term) accelerates the progression of the process towards the reference and 

eliminates the residual steady-state error. However, it can cause the overshoot of the process 

(the output of the process crosses over the reference) or even leading to instability. 

The contribution from the derivative term to the controller output is proportional (by the value of 

KpTd) to the slope of the error over time (i.e., its first derivative with respect to time). The 

derivative term has an anticipative corrective action, being quicker to respond to the disturbance 
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of the system (Botto 2008). The derivative control is used to reduce the magnitude of the 

overshoot produced by the integral component and to improve the combined controller process 

stability. However, this term is very sensitive to the noise (since the differentiation of the signal 

amplifies it) and the system might become unstable if the noise or the constant value (KpTd) is 

too high.  

In conclusion, the accurate control of a certain process (system or plant) is extremely 

dependent on the right choice of the control parameters. 

The PID controllers‟ family is the name given to the group of controllers: PI, PD, P or I controller, 

in which one or two control actions are absent. This is achieved by setting the value of the 

undesired control outputs to zero.   

6.2. Controller Design 

Particularizing the closed-loop system to the case study, the plant is the biomechanical system 

(earlier presented) in a forward dynamics simulation. This means that the plant input, u(t), can 

be joint moments or muscle forces, and the plant output, y(t), the motion described by the 

system, particularly, the position and the velocity of the several rigid bodies. 

 

The multibody simulation system was earlier implemented (Silva 2003) as a continuous system 

with a variable time step. However, in order to draw the control system as near to a real physical 

implementation as possible, it was implemented in discrete time form (like most of the control 

systems developed today, since digital computers are used). This means that the controller 

operates only on samples of the sensed plant output rather than on the continuous signal and 

that the dynamics of the controller (defined by differential equations) needs to be implemented 

by algebraic recursive equations (those will be presented in the next section). The desired 

discrete time closed-loop system can be schematically represented as the block diagram shown 

in Figure 6.3. 

 

Figure 6.3 The block diagram of the desired closed-loop control system 

From the block diagram it can be concluded that both plant output and actuator output are 

sampled by a fixed time step, T0, which is called the sampling time. In practice, both variables 
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are held for T0 seconds until they are respectively processed. The way it was designed, the 

system is not able to respond immediately to any solicitation; the respective plant input will have 

a delay corresponding to two times the value of the sampling time.  

 

All the control system was implemented in FORTRAN, by using the commercial software 

Compaq Visual Fortran 6. The control unit was successfully integrated in the software APOLLO. 

The three main units - sensors, actuators and controllers - were designed separately and each 

of them will be described in more detail in the next subsections. Despite this fact, they interact 

with each other, providing the required information to the following units.  

The control unit is designed to work in two distinct ways. In the first one, the multibody system is 

actuated by the control system, acting as a motor. In the second case, the controller output is 

the appropriate muscle activation that leads the biomechanical system to follow the desired 

motion. In both cases, the reference is the angle between the two rigid bodies. 

As far as the first case is concerned, the sensor evaluates the angle between the two rigid 

bodies, (k), and then it is compared to the respective reference ref(k). Once the controller has 

computed this information, the corresponding actuator applies the joint torque necessary to 

counteract the angular deviation of the control variable (k) from the prescribed reference ref(k).  

6.2.1. Sensors 

The sensor unit is responsible for providing useful information about the state of the system 

under analysis. For this purpose the subroutine SNSR was implemented. It is a modulate 

function that provides two types of sensor depending on the amount of information required for 

the control process. However, it can easily be modified to have more types, if more information 

is desired. Type one calculates a joint angle, the angle formed between two rigid bodies, 

whereas the second type also provides the value of the respective angular velocity. The user 

must choose which type of sensor between the ones available is needed for a certain 

application. Since the sensors are intimately related to the controllers, this means that some 

controllers may only need information regarding the angle, whereas others might require 

angular velocity as well. In fact, PI-D controllers, which were pointed out as the ones giving the 

best results, need both type of information: angle and angular velocity.  

6.2.2. Actuators 

The actuator acts as a converter of the controller output into multibody system input. Like the 

sensor unit, a modulate function, named ACT, was implemented, providing once again different 

types of actuators depending on the plant input desired, either joint torque or muscle force. In 

the first case, the actuator system acts as a motor, receiving from the controller the joint torque 

(in arbitrary units) necessary to counteract the angular deviation of the control variable. The 

second actuator is responsible for the activation of the targeted muscle. It receives the controller 

output as muscle activation (number between 0, no activation, and 1, when muscle is fully 
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activated) and produces the desired muscle force, needed to correct and follow the prescribed 

reference. For this purpose, this second type calls the subroutine PROCESS_FORCES_MH, 

earlier implemented by Pereira, (2009). The actuator type three is similar to the previous one 

but, in addition to the controller output, there is an external activation prescribed by the user, 

that also contributes to the total muscle force. This is an attempt to simulate the muscle tone, 

where the muscle is already producing muscle force.  

6.2.3. Reference Signal 

The reference represents the path that the plant output must follow. For the designed control 

unit, the reference is the angle between two adjacent rigid bodies. The reference must be given 

in a specific format, so that the system is capable of reading it and processing the information. It 

must be in a file.dat, containing the ankle values throughout the time. The information must be 

displayed in columns, the first one being the time and the second one the respective value of 

the angle. The first line of the file is an integer number representing the amount of lines where 

the angle information is provided. 

In the application, the reference is the angle referent to the ankle joint (angle formed between 

the lower leg and the foot), shown in Figure 6.4.  

 

Figure 6.4 The ankle joint angle, measured between the lower leg and the foot. 

6.2.4. Control Strategies 

Various controllers of the PID family were implemented in this work: a common PD (integral 

term is not included), a simple PID, and corrected PD and PID (P-D, PI-D, respectively), in 

which the common structure is slightly altered in order to achieve the desired response of the 

process. All the controllers were implemented in discrete time form; so, the PID presented 

before had to be discretised, meaning that the differential equations had to be approximated by 

reducing them to difference equations. Approximation for first-order derivate was made by 

backward finite differences, the derivative term being: 

de (t)

dt
=

e kT0 −e((k−1)T0)

T0
     (6.1) 

whereas the integral term was discretised by trapezoidal or Tustin approximation,  

 e η dη
t

0
≅

T0

2
 e 0 + e(kT0) + T0  e(iT0)k−1

i=1     (6.2) 

according to (Botto 2008).  
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As all the controllers were discrete, besides the three parameters studied before all gained an 

extra control parameter, the sampling time T0. This was set to the value of 0.001 ms, for every 

controller, as this is well below any constant of the biomechanical system. 

Thus, the recursive algorithm for the implementation of the discretised PID controller was: 

u k = u k − 1 + Kp  1 +
Td

T0
+

T0

2Ti
  e k − Kp  1 + 2

Td

T0
−

T0

2Ti
 e k − 1 +Kp

Td

T0
e(k − 2)     (6.3) 

First, the PD and PID controllers were implemented, with the respective transfer functions 

presented below: 

Gc z =
Kp  1+

Td
T0

 z2−Kp  1+2
Td
T0

 z+Kp
Td
T0

z(z−1)
     (6.4) 

Gc z =
Kp  1+

Td
T0

+
T0
2Ti

 z2−Kp  1+2
Td
T0

−
T0
2Ti

 z+Kp
Td
T0

z(z−1)
    (6.5) 

As it was mentioned, the derivative term of the controller is extremely sensitive to the noise of 

the signal measured. In order to avoid this problem, two other controllers were implemented 

(PD and PID), where a modification was made to the derivative term. In this case, the derivative 

action was directly connected to the feedback loop, which means that it affects the derivative of 

the process output rather than the derivative of the error. This PID (but in a continuous 

representation), often called PI-D, is schematically represented in Figure 6.5.  

 

Figure 6.5 A generic block diagram for a continuous PI-D controller (adapted from 
(Botto 2008)) 

However, in order to have an even more accurate measure of the derivative of the output, the 

angular velocity was directly read from the forward dynamics simulation rather than being 

obtained by differentiating the output. This new controller is schematically represented in Figure 

6.6. 
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Figure 6.6 The block diagram of the adopted PI-D controller (continuous 
representation)  

This approach has the added advantage of not exciting the constraint dynamics of the multibody 

formulation due to noise (numerical) amplification in the differentiation. 

In the new recursive algorithm, the derivative term is now affected by a new parameter, named 

Kd, and the final expression for the implementation of the discretised PI-D controller was: 

  u k = u k − 1 + Kp  1 +
T0

2Ti
  e k − Kp  1 −

T0

2Ti
 e k − 1 −Kd y  k − y (k − 1)  (6.6) 

In the remaining work, the controllers used were based on the PI-D, once the results achieved 

with a common PID didn‟t satisfy the desired control response. This was verified using the 

simulink tool, from the MatLab software. In this environment, the control of a simple system 

(rotation of a body regarding only its inertia) (Appendix C) was simulated and the results were 

considered as the desired outputs. These data were further compared to the results obtained 

through the implemented control unit, in Fortran environment. Only with the PI-D strategy, the 

results were in accordance and the process (multibody system in APOLLO) had the intended 

response. 

 

As it was explained in Section 2, the muscles must cooperate with each other in order to 

produce a certain movement, as in the case of, for example, the agonist/antagonist pair. This 

means that various muscles might be active at the same time to achieve a determined task.  

Compared to this complex organization, the controller structure responsible for leading the 

multibody system to track the prescribed reference is a little bit more sophisticated than a simple 

closed-loop system with one PI-D controller. In fact, the control unit is constructed based on the 

amount of muscles that actively contribute to the movement. Basically, like in the human motion 

organization, the system will control at least two muscles, one of them acting as the agonist and 

the other as the antagonist (see Figure 6.7 representing the control architecture for an 

agonist/antagonist pair of muscles). A PI-D controller is associated to each muscle, as well as to 

the respective actuator, which is responsible for generating the activation of the corresponding 

muscle. Independent controllers were created because, depending on the function of the 

respective muscle, the controllers must differ in the way they sense the information about the 

state of the system. Never should it be forgotten that the sensor is the same, which means that 

the information provided to both controllers is equal. The only difference is the way the 



48 Control of a Biomechanical System 

 

 

 

information is computed inside the controller. It must be borne in mind that the reference is the 

angle between two rigid bodies which have associated at least one muscle responsible for its 

flexion and another for its extension, thus composing the agonist/antagonist pair. The muscle 

responsible for the flexion must be activated in order to decrease the joint angle, whereas the 

extensor has to be activated in order to increase the referred angle. Since the muscle active 

force is only produced when the muscle activation (or controller output) is positive, the way the 

measured angle is compared with the reference and the respective angular velocity varies 

depending on the muscle type (flexor/extensor). The controllers are named (without any 

physiological meaning because their roles depend on the executed movement) PI-D agonist, 

when controlling flexor muscles, and PI-D antagonist for the extensors. 

In addition, independent controllers make different control parameters possible, not including 

the sampling time, which is set at the same value for every controller. 
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Figure 6.7  The block diagram of the control unit, with two muscles being under control. The PI-D agonist is responsible for flexors muscle, whereas PI-D 
antagonist for extensors.  Note that only for convenience and clearness of the drawing are there two sensors represented in the figure. In the 
implemented system the sensor is the same. The Zero-Order-Hold (ZOH) converts the discrete signal into a continuous one, by holding each 
sample value (FCE) for one sample time, T0. 
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6.3. Final Controller System 

For the present application, which is the control of the ankle angle by controlling the activation 

of the Tibialis Anterior, the Soleus, the Lateral and the Medial Gastrocnemius, a control unit with 

one sensor, four controllers and the respective actuators is adopted. The sensor is type 2, 

providing the angle as well as the angular velocity. The actuators are all type 2, with the function 

of converting the muscle activation into the correspondent muscle force. Regarding the 

controllers, a PI-D agonist is adopted to control the activity of the Tibialis Anterior, the main 

dorsiflexor (responsible for the flexion of the foot); in contrast, the plantarflexors are regulated 

by PI-D antagonist controllers.  

6.4. Examples 

The control system (sensors, controllers and actuators) together with the biomechanical model, 

earlier presented, was tested applying as a reference a step response, with magnitude of 0.5 

rad. 

6.4.1. Motor 

In this example, the biomechanical model is controlled by a motor. The control system is 

composed by a PI-D (equation 6.6), a sensor type 2 and an actuator type 1. The controller 

output is the joint torque (in arbitrary units) necessary to counteract the angular deviation of the 

controlled variable (k) from the prescribed reference ref(k). In Figure 6.8, the good 

performance of the system is evident, the ankle angle (in blue) succeeds in following the 

reference (in pink). The controller parameters, Kp=50, Kd=1.5 and Ti=0.0002, were chosen in 

order to avoid oscillations and minimize overshoot. 

 

Figure 6.8 The step response of the biomechanical model being control by a motor, 
in blue is the measured ankle angle and in pink the reference.  
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6.4.2. Muscle Control 

Here, the biomechanical model is controlled by the muscle forces regulated by the respective 

activation. The two cases were: a step response with a magnitude of 0.5, representing an 

increase of the ankle angle of 0.5 rad, at which the main activity is the flexor muscles’ and a 

step response with the amplitude of -0.5, which corresponds to a decrease of 0.5 rad of the 

ankle angle, to mainly activate the dorsiflexors. In this example, only the Tibialis Anterior as a 

dorsiflexor and the Soleus as plantarflexor were included. The Medial and the Lateral 

Gastrocnemius were not included in the example, because their activity complements the 

Soleus‟s and the purpose of the example is to show how the agonist/antagonist pair cooperates. 

For the step response with the amplitude of -0.5, when only the Tibialis Anterior is active, a 

significant overshoot occurs. When the Soleus is activated, a compensation for overshoot is 

evident and the tracking of the reference is improved, as a result of the cooperation between the 

two muscles. 

 

Figure 6.9 The step response of the biomechanical model being controlled by 
muscles, a) only Tibialis Anterior (Kp=3, Ti=0.001, Kd=0.1) and b) Tibialis 
Anterior and Soleus (Kp=0.5, Ti=0.001, Kd=0.01). 

 

Figure 6.10  The muscle activations required for the step response with the amplitude 
of 0.5, in green, the Tibialis Anterior and in red, the Soleus, which had an 
antagonist activation, correcting the overshoot. A steady-state activation 
of the Tibialis Anterior is present after the system has reached the 
reference, to achieve equilibrium with the gravity force. 

The same cooperation and improvement of the system performance could be concluded, when 

a step response with a magnitude of 0.5 was tested. The ankle angle, when only regulated by 

a) b) 
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the Soleus muscle action, has an overshoot which can be avoided when the Tibialis Anterior is 

included and contributes to the movement. 

 

Figure 6.11 The step Response of the biomechanical model being controlled by 
muscles, a) only Soleus (Kp=0.3, Ti=0.001, Kd=0.02) and b) Tibialis 
Anterior (Kp=2, Ti=0.001, Kd=0.05) and Soleus. 

 

 

Figure 6.12 The muscle activations required for the step response with amplitude 0.5, 
in red the Soleus and in green the Tibialis Anterior, which acts as 
antagonist, correcting the overshoot. A steady-state activation of the 
Soleus is present after the system stabilizes near the reference, due to 
gravity force. 

 

 

  

a) b) 



  

 

 

 

 

Chapter 7 

7. Results and Discussion 

7.1. Gait trial 

The biomechanical model including the whole muscle apparatus with the active control of the 

four muscles, Tibialis Anterior, Soleus, Gastrocnemius Medial and Gastrocnemius Lateral, was 

applied to an experimental human stride period. During the analysis, the knee trajectory and its 

respective angle (with the horizontal direction) were prescribed by the drivers, whereas the 

ankle angle was actively controlled to follow a reference angle. The knee trajectory and 

orientation as well as the ankle reference angle were calculated based on kinematic data 

obtained during the gait trial.  

In a gait trial, the three-dimensional motion and the ground reaction forces (GRF) are recorded 

and, afterwards, correctly processed to transform them into suitable kinematic and kinetic data 

for the computer program under analysis (more detailed information related to this gait trial is 

provided in Appendix E). This processing involves a filtering, using a 2
nd

 order Butterworth filter, 

with a cut-off frequency of 2.5 Hz. This particular gait trial was performed by a 25-year-old male, 

1.7m high and with a total body mass of 70.250 kg. The trial started at the time step just before 

the right heel contact with the ground, and continued until the subsequent occurrence of the 

same foot. This had a total duration of 1.084s, which corresponds to a walking cadence of 

approximately 111 steps per minute.  

The experimental ankle angle (shown in Figure 7.1, pink curve), acquired in the gait trial, has a 

similar behaviour to the ones reported in the literature (Winter, 1991). As expected, at the 

beginning, the foot plantar flexes until approximately 10 % of the trial (this value is slightly larger 

than the one reported, 5%). From 10 % to 45 % of the stride the dorsiflexion movement is made 

evident by the decrease of the angle value, which means that the foot and the lower leg have 
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become closer. After the heel-off (reported to be around 35 % of the stride, which in this case 

occurs shortly after) the foot has a rapid plantar flexion until the toe-off (that is supposed to 

occur at 60 % of the stride but in this case around 70%). The rest of the trial represents the 

swing phase, in which the dorsiflexion movement is required in order to clear the foot off the 

ground. 

The ankle angle is used as a reference to the control system composed by the four controllers 

responsible for providing the proper activation of the respective muscle. The controller 

parameters (or gains) are presented in Table 7.1. They are chosen in order to maximize the 

controller response, this meaning that the kp and kd are as high as possible, in opposite to the 

lower value is selected for Ti. A relation between the values of the flexor muscles was 

established. According to the type of FES device that is being simulated, i.e., it is assumed that 

in a surface FES the electrical stimulus arrives stronger to the surface muscles than to the ones 

located at a deeper level. The Medial and the Lateral Gastrocnemius, the same parameter 

values were set, whereas to the Soleus muscle the gains correspond approximately to 80% of 

the previous values. 

 

Table 7.1 Control Parameters for the experimental setup 

 kp kd Ti 

Tibialis Anterior 4 0.04 0.0009 

Soleus 0.08 0.004 0.00125 

Gastrocnemius Medial 0.1 0.005 0.001 

Gastrocnemius Lateral 0.1 0.005 0.001 

 

The performance of the controlled system is drawn in the Figure 7.1. From its analysis, it can be 

observed that the biomechanical model was able to follow the prescribed reference angle. 

During most of the analysis, the controlled angle (in blue) is concurrent with the reference angle 

(in pink), but a light phase lag can be discerned. This fact can be explained by the dynamics 

inherent in the designed controller, bearing in mind that this kind of systems doesn‟t have an 

immediate response to any disturbance. Right at the beginning, a slight under loop is evident, 

but it is attenuated when the local maximum is reached. After 75% of the stride, the controlled 

ankle angle exhibits a moderate oscillatory movement. However, the final value of the two 

variables is almost coincident, which means that the foot is as dorsiflexed as expected. The 

difference between the reference and controlled never exceed an angle of 3 degrees, which is 

an error with no biomechanical significance and it is therefore perfectly acceptable. On the other 

hand, the time lag never exceeds the 0.02 seconds which can be considered a satisfactory 

results given than the controller gains (parameters) were not the optimal. 

The performance of the implemented biomechanical model during the analyzed stride period is 

described in the animation sequence provided in Figure 7.2, and it can be compared to the 

reference movement presented in Figure 7.3. Comparing both groups of frames, it can be 

observed the overall movement is almost the same.  
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Figure 7.1  The ankle angle, during the gait trial. In pink the reference angle and in 
blue, the angle obtained by actively controlling the muscles. 

Despite the slight lack of consistency at the end of the test (small oscillatory movements), the 

biomechanical model followed the used reference, leading to the conclusion that the control unit 

was able to effectively control the biomechanical system, in particular its ankle angle, under this 

situation.
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Figure 7.2  Gait trial representing the biomechanical model under analysis, with the position of the ankle joint being controlled by the proposed control 
architecture. Each frame is spaced by a time step of 0.001s.  
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Figure 7.3 The reference movement (gait trial), all the biomechanical model trajectories and orientations are given by the drivers, to the software Apollo. 
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The muscle activations required to guide the system to follow the reference are shown below in 

Figure 7.4. The results cannot be compared to physiological ones, since only the biomechanical 

system with the four actively controlled muscles is under analysis, without considering external 

forces. However, they proved the robustness of the designed control architecture and they show 

as well that with this approach co-contraction of agonist/antagonist pairs can be obtained.  

 

Figure 7.4 The muscle activations for the Tibialis Anterior, the Soleus, the Medial and 
the Lateral Gastrocnemius, respectively.  

As it was described before, the activation patterns cannot be directly converted into muscle 

forces, since due to the dynamics of muscle tissue they are also related with the muscle length 

and the muscle contraction velocity by the force-length and force-velocity relationships, 

translated by the equations 5.7 and 5.8. Hence, the muscle forces, associated with the muscle 

activations presented in the previous figure, are displayed in the following figure. 
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Figure 7.5 The muscle forces for the four actively controlled muscles. 

The observation of the Figure 7.5 shows that between 45% and 70% of the stride (push forward 

phase), although there is no activations of the Gastrocnemius muscle, there is however force 

production. This means that this muscle is being stretch above its resting length and passive 

muscle force is being generated. 
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7.2. Reaction Forces 

In order to achieve more relevant results, liable to compare with the literature, the 

biomechanical model was also tested taking into account the ground reaction forces, recorded, 

once again, during the gait trial. The three forces components were also subjected to a 

Butterworth filtering (explained in the Appendix E), with a cut-off frequency of 8 Hz. Their 

magnitudes already filtered are displayed in the following figure. 

  

Figure 7.6  The ground reaction forces, already filtered by the Butterworth filter, with 
a cut-off frequency of 8Hz. 

The performance of the controller system tracking the reference, taking the ground reaction 

forces into consideration, is shown in Figure 7.7. The overall behaviour is similar. However, the 

trajectory is not coincident, this meaning that the foot is in a more dorsiflexed position than the 

one desired, for instances between 30% and 60% of the stride or, in contrast, at the beginning 

of the trial, the foot is more plantar flexed than the respective position. In the end, the system is 

able to follow the reference, presenting, however, oscillatory movements around it. The chosen 

parameters for the four controllers during the gait trial with the application of external forces are 

presented in the table below. The parameters were chosen in order to maximize the 

performance of the system on following the reference but at the same time minimizing the 

oscillatory movements exhibited after reaching the maximum value at the end part of the trial. 

Table 7.2 The Control Parameters for the gait trial, when ground reaction forces were 
taken into consideration. 

 kp kd Ti 

Tibialis Anterior 15 0.04 0.0008 

Soleus 3.2 0.0048 0.00125 

Gastrocnemius Medial 4 0.006 0.001 

Gastrocnemius Lateral 4 0.006 0.001 
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 Figure 7.7  The ankle angle, during the gait trial including the ground reaction forces. 
In pink the reference angle and in blue, the angle obtained by actively 
controlling the muscles. In order to make the difference between the 
reference movement and the controlled one clear, in the two peaks (at 
10.5% and 46% of the stride), the both foot positions are shown, the 
reference is on the right and the controlled one is on the left. 

Besides the analysis of the performance of the controller on tracking the reference, the muscle 

activations and the muscle forces were also respectively analyzed. The result out data were 

compared to the electromyography results presented by Winter (1991) (for more detailed 

information see Appendix C). The pattern of activations as well as the respective muscle forces 

were previously compromised by establishing the relation between the controller parameter of 

the plantar flexor muscles. If the controller parameters are related, the activation and, 

consequently, the muscle forces, are also affected. As expected, the Medial and the Lateral 

Gastrocnemius have the same activation pattern, whereas the Soleus activation exhibits the 

same shape, but scaled. These muscles prove to be active from 30% until slightly over 60% of 

the stride, exhibiting a peak of activation about 50 % of the stride. This period of activation as 

well as the activation pattern are similar to the main activation phase of the plantar flexors, 

described by Winter, (1991). In the simulation, the ground activity level of the muscles was 

considered to be zero, not taking into account, for instance, the muscle tone, which is not in 

agreement with the electromyography for the human gait, in which muscles always present low 

level activity. Regarding the Tibialis Anterior, the activation pattern is slightly different. Initial 

activation to avoid the slap of the foot on the ground is expected, but less higher and shorter, 

since it should only be presented until the 20% of the stride. The Tibialis Anterior is expected to 
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be active again after 60% of the stride. In this case this occurs, but, unfortunately, some 

oscillatory movements are presented in the ankle joint, making it impossible to compare the 

following results with the electromyography. 

 

Figure 7.8 The muscle activations when ground reactions forces are taken into 
account.  

The muscle forces exhibit the same pattern described by their activations. This means that 

passive forces did not interfere with or even contribute in a positive way to the muscle force 

produced. This is evident by looking at Figure 7.10, in which the Tibialis Anterior did not 

produce any passive force, whereas the plantar flexor muscles generated a peak at about 50% 

of the stride, coinciding with the muscle force and activation peaks. 

Concerning the Tibialis Anterior muscle force, despite the activation being around 1 (at least in 

the peak), the produced force is not close to the Maximum Isometric Force, which has the value 

of 603 N, this meaning that this particular muscle, due to its state (force-length and force-

velocity  relationships), is not able to produce a more amount of force. With regard to the plantar 

flexors, even having the same activation pattern and approximately the same scale, the amount 

of force generated by each of them is different, which is evident at the peak. This difference is 

justified by each muscle‟s characteristics, in particular the maximum isometric force. In the 

Soleus case, it has the lower activation level, although it is the one that exhibits a higher muscle 

force. 
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Figure 7.9 The muscle forces when ground reactions forces are taken into 
consideration. 

Figure 7.10 presents the passive muscle forces generated by all the muscles included in the 

biomechanical model, both the ones that are actively controlled and the others muscle to which 

only passive behaviour was taken into consideration. As it was described before, the muscle 

produces passive force when its length is strengthened above its resting length (see Figure 

2.5). Four of the eight passive muscles did not generate any muscle force. Of the last four, only 

one of them, the Tibialis Posterior, produced a significant force that could have interfered with 

the movement. Knowing that, besides other functions, it acts as a plantar flexor, its activation 

helped the overall movement, contributing to the foot plantar flexed from the 30% until 60% of 

the stride.   
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Figure 7.10 The passive muscle forces, developed by all the twelve muscles included 
in the biomechanical model, described by the force-length relationship. 

The results obtained in this section, in which the muscle activations during the stance phase 

presented similar patterns when compared to electromyography data, were definitely promising. 

However, the results showed that the performance of the controller, guiding the system to track 

the reference, was less consistent than the one exhibited in section 7.1. This poorer 

performance can be explained by two distinct situations present during the gait trial. With the 

same controller, that is to say, with the same controller parameters, the system had to follow the 

reference both during the stance phase, in which the ground reaction forces were being applied 

to the biomechanical system and, during the swing phase, when no external force was taken 

into account. These two distinct dynamics makes the perfect performance of the system during 

the entire stride impossible to be achieved. In order to improve the tracking of the reference 

during the stance phase, the proportional gains need to be increased, although this would lead 

to an increased oscillatory movement in the last period of the trial. The controller parameters 

chosen were a compromise between these two relations. 
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7.3. A Combined Feedforward and Feedback Controller 

Aiming for an improvement of the controller performance and a consequent reduction in the 

difference between the reference and controlled angle, particularly at the 10.5% and 46% of the 

stride, a simple feedforward controller was combined to the feedback controller. This way, the 

feedforward will mainly guide the system, supplying the main muscle activations, whereas the 

feedback controller will look only for the error, so the system is able to respond to any 

disturbance. Bearing in mind that the ankle angle is similar to a sinusoidal function during the 

stance phase of the gait (see Figure 7.1) and, as it could be seen before, the muscle activations 

also exhibited the same behaviour, muscle activations, described by a sinusoidal function, were 

provided to the controller outputs during the stance phase. In particular, as it can be seen in 

Figure 7.11 (a), the Tibialis Anterior activation was only present until 30% of the stride. Between 

30% and 60% of the stride, a different sinusoidal function was supplied as activations for the 

three plantar flexors (the activation pattern provided to the controller output is presented in 

detail in Appendix F). After 60% of the stride, when the swing phase starts, no activation was 

prescribed, the system being controlled only by the feedback controllers.  

 

Figure 7.11 The activations used in the feedforward/feedback approach. a) The two 
perfect sinusoids. b) The perfect sinusoid, in green, and an approximate 
sinusoidal function, in red.   

The performance obtained for the system using this combined feedforward/feedback 

methodology is schematically represented in Figure 7.12. As it can be seen, the performance 

improved significantly. An oscillatory movement is still present after 30% of the stride (until 

approximately 35 %), which is coincident with the transition between the two applied sinusoidal 

functions. Also, a slight phase lag is noticed between 30% and 60% of the stride, which means 

that the activation function that should have been applied as the correct activation is not a 

perfect sinusoid.  
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Figure 7.12 The ankle angle, during the gait trial including the ground reaction forces, 
using a combined feedforward/feedback approach. In pink the reference 
angle and in blue, the angle obtained by actively controlling the muscles 

In order to approximate the activation pattern as much as possible to what the system requires, 

and, so, improve the performance of the system, the activation supplied was a scaled version of 

the activation pattern exhibited by the Medial Gastrocnemius between 30% and 60% of the 

stride, in Figure 7.8 (the activation patterns depicted in Figure 7.11 (b) and in more detail in 

Appendix F). This was only done to the activation provided to plantar flexor muscles, since the 

Tibialis Anterior activation had some high frequency components at the beginning that wouldn‟t 

contribute to a better performance. Those would have caused an oscillatory movement in the 

controlled angle. The performance of the controller with the new activation pattern supplied by 

the feedforward method is shown in Figure 7.13.  
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Figure 7.13 The ankle angle, during the gait trial including the ground reaction forces, 
using a combined feedforward/feedback approach. In pink the reference 
angle and in blue, the angle obtained by actively controlling the muscles. 

The Figure 7.14 and Figure 7.15 present the activation patterns and the muscle forces 

generated by the four muscles actively controlled. In this case, the dorsiflexor muscle presents 

activation (and so, produces muscle force), when mainly the plantar flexors are required to 

produce the desired movement and the equivalent activation occurs the other way around. This 

might indicate cooperation between the muscle functions, as it occurs in the human body, 

bearing in mind the agonist/antagonist pair action. Concerning the Tibialis Anterior, the 

activation and, so, the overall muscle force produced, are higher when compared to the same 

variable presented in the previous section. The Tibialis Anterior activation presents saturation 

during 10 % of the stride (between 9% and 19%), representing the phase at which it must be 

active in order to avoid the foot slap. The Soleus activity and the muscle force generated are 

also higher than in a feedback only approach. Both the Medial and the Lateral Gastrocnemius 

exhibit the opposite behaviour, showing a decrease in the muscle activation and in the muscle 

force. This can be justified by the higher force produced by the Soleus, reducing the muscle 

force required to achieve the movement. 

Comparing these results with the electromyography data in Winter (1991), only the main peak 

seems to have physiological meaning, exhibiting similar muscle activation and force patterns to 

the ones showed in the previous section. The other smaller peaks, the one presented by the 

Tibialis Anterior around 50% of the stride and the ones exhibited by the plantar flexors at 20 % 

of the stride have no corresponding data, since they result from the muscle activation provided 

by the feedforward approach. 

The passive muscle forces are not presented, since they are equal to the ones shown in the 

previous section Figure 7.10.  
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Figure 7.14 The muscle activations for a combined feedforward/feedback approach. 

 

Figure 7.15 The muscle forces for a combined feedforward/feedback approach.  

With this combined feedforward/feedback approach, the controlled angle was almost coincident 

with the predefined, and it can be concluded that the performance of the controller improved 

with the feedback methodology. However, the feedforward approach adopted was only a simple 

case and was particularly designed for this reference and for the controller parameters adopted 

in the previous section.  

A more realistic feedforward methodology, that would be easily adapted to any reference under 

analysis, involves some difficulties and drawbacks, if a real physical system is to be created. 

This will be addressed to in the following section, regarding a potential future work.    



  

 

 

 

Chapter 8 

8. Conclusions and Future Directions 

This thesis was developed with the main purpose of creating a control architecture able to 

enforce a biological inspired multibody system to follow a predefined reference. In detail, it was 

designed to control a joint angle movement by providing the proper set of predefined muscle 

activations. The system was intentionally devised for the simulation of the biomechanical model 

of the lower leg and foot, in which four muscles, of all the respective muscle apparatus, were 

actively controlled: the Tibialis Anterior, the Soleus, the Gastrocnemius Medial and the Lateral. 

The implemented system was done bearing in mind the potential development of a future 

physical prototype of the so-called Functional Electrical Stimulation (FES) system assisted 

walking. These devices have as principal aim to restore the lost control in paralyzed or paretic 

muscles, providing electrical stimuli to induce muscle contraction and, therefore, the 

corresponding joint movement.  

The control system is a module created to be used by the APOLLO software (multibody 

analysis package) previously developed in a Fortran environment. The control system combines 

the information provided by the multibody system: the angle between the two anatomic 

segments and the respective angular velocity processes and compares it with the prescribed 

reference and generates the proper muscle activations that, afterwards, must be supplied to 

Hill-type muscle models, in order to reproduce the desired movement. The control is a closed-

loop system, which has a constant feedback of the actual state of the biomechanical system. 

Based on the measured signals, the controller determines the adequate activation pattern to 

fulfill the desired movement and reject disturbances. Besides the biomechanical system 

(commonly named by plant, process or system to be controlled), the developed system is 

composed by sensors (responsible for evaluating the system state) actuators (responsible for 

the translation of the controller output into meaningful information to the system, such as muscle 

activation) and the controller itself. 



70 Conclusions and Future Directions 

 

 

 

Considering the development of a potential physical prototype, the control system was 

implemented in the software package in discrete time form. However, the sampling time of the 

computational model was set to 0.001s, which justifies the fact that the obtained results appear 

as continuous curves. 

Concerning the controller design, some Proportional-Integral-Derivative (PID) family controllers 

were tested and the adapted PI-D proved to be the most precise and least sensitive to the noise 

of the measured signal. As Matjačić et al (2003) (Lynch and Popovic 2005) reported, the 

derivative action of PID controllers had to be minimized in order to ensure stability, so this type 

of controller could be clinically useful. The adapted PI-D has this designation because it was 

developed based on normal PI-D. In this one, the derivative action is directly connected to the 

feedback loop, this meaning that the controller measures the derivative of the process output 

rather than the derivative of the error. However, in the adapted PI-D, the angular velocity was 

directly read from the forward dynamics simulation rather than being obtained by differentiating 

the output. 

The controller structure responsible for leading the multibody system to track the prescribed 

reference is constructed based on the amount of muscles that actively contribute to the 

movement. Like in the human motion organization, the movement of a joint has associated at 

least one muscle responsible for its flexion and another for its extension, thus composing the 

so-called agonist/antagonist pair. In the case under study, which is the ankle motion in the 

sagittal plane, four muscles were selected to be actively controlled. Those were the Tibialis 

Anterior, as the prime dorsiflexor; the Soleus, the Medial and the Lateral Gastrocnemius, 

commonly grouped in the so-called triceps surae, as the major plantar flexors. Each muscle has 

associated a controller and the respective actuator. As it was said before, the controllers were 

based on the adapted PI-D, but they must differ in the way they sense the information about the 

state of the system, depending on the respective muscle function. So, the Tibialis Anterior, 

which acts as a flexor, is ruled by a PI-D type controller agonist, whereas the plantar flexors are 

commanded by a PI-D type controller antagonist. The cooperation between the muscles, 

composing the agonist/antagonist pair, was proved when the control system was tested using a 

step response as a reference. 

The overall system was tested for a gait trial, in which the knee trajectory and its respective 

angle (with the horizontal direction) were given by the drivers, whereas the ankle angle was 

actively controlled. The good performance shown by the controlled system on tracking the 

reference sustains the validation and efficacy of the control architecture. The controlled system 

behavior only presented a time lag according to the reference, inherent in any simple feedback 

control system, in which the response to and compensation for any disturbance in the output is 

not immediate. In this particular system, this delay was not a problem. Nevertheless, its 

importance grows as the time delay increases. 

In order to achieve more relevant results, liable to compare with the literature, the control 

structure was tested for a gait trial taking into consideration the ground reaction forces. 

Focusing on the muscle activations and muscle forces obtained during the stance phase, both 
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presented promising results, exhibiting similar patterns when compared to reference 

electromyography data (Winter, 1991).  

The overall behavior of the angle described by the controlled system was similar to the 

reference. However, it was less consistent than the performance exhibited in the previous case. 

This fact was justified by the two distinct dynamics under analysis: the stance phase, in which 

ground reaction forces are being applied to the system and the swing phase, when no external 

force is taken into consideration. The performance of the control system could have been 

improved if different controller parameters could have been set depending on the stride phase.  

In both tests presented before, the control performance was extremely dependent on the control 

parameters and a compromise had to be made. Concerning the last case, for instance, towards 

improving the tracking of the reference during the stance phase, the proportional gains could 

have been increased, although this would lead to an increased oscillatory movement in the last 

period of the trial.  

Aiming for an improvement of the controller performance when the ground reaction forces were 

considered, a simple feedforward controller was combined to the feedback controller, to 

particularly minimize the differences in the angle around the peaks at 10.5% and 46% of the 

stride. In this case, the total muscle activation is the sum of the one given by the feedforward 

loop and the one resulting from the PI-D controller. The combined approach proved to be 

effective, since the controlled angle was almost coincident with the predefined one. In this case, 

the feedforward system was specially designed for this reference and for the particular 

controller parameters. 

A combination of a feedforward (open-loop) approach with the designed feedback system 

appears as an alternative theory. In a feedforward approach, knowing the desired ankle angle 

trajectory, muscle activation is obtained by inverting the muscle model. In this case, a more 

detailed information of how the system behaves in order to generate a stimulus pattern must be 

taken into account (Cargo, 1996). However, a feedforward approach is not a linear problem. It 

requires optimization methods and may turn into a complex system. The computational time 

required for the optimization might be incompatible with physical movements, leading to the 

impossibility to reproduce it into physical prototypes. A combined feedforward/feedback 

methodology was already reported by Ferrarin, (2001), sustaining that the new system, besides 

the ability to respond to input and/or disturbances, might minimize the controller system 

behavior delay according to the reference, since the feedback control compensation is generally 

slower.  

With regard to the controller, other alternatives arise, which are likely to improve the results. The 

adaptative controllers, for instance. They constitute a more complex group of controllers, whose 

main advantage is permitting on-line identification of the critical parameters, giving a more 

easily adaptable response to any reference. In Ferrarin et al (2001), an adaptative controller for 

the knee trajectory was described. In this case the electrical stimulus predicted by an inverse 

muscle model is applied to the plant (system) and to a direct muscle model (a reversed version 

of the inverse muscle model), which acts as an observer of the plant. Then, the error between 
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the predicted angle (given by the direct model) and the one measured is computed, providing 

new information to the inverse muscle model, thus driving the adaptation mechanism. 

Several control methodologies have been suggested through the years, as an example the 

combined feedfoward/feedback or the adaptative controller, but none has proved better than the 

other. Each presents its advantages and disadvantages, like more robustness, which usually 

implies more computational costs and difficulty in obtaining results, which might make it even 

impossible to apply in real time. 

As far as the work done in this thesis is concerned, the simulation tool should be improved in 

order to make it a more trustworthy representation of human physiology. 

Bearing in mind a prototype of a FES clinical device, besides the contraction dynamics, which 

describes the mechanical contraction and relaxation properties of the muscle and tendon, the 

control system should also include a module relative to the activation dynamics. In this case, the 

variables that will control the muscle activation, and so, the muscle contraction, and therefore, 

the overall movements are the electric pulse characteristics: pulse width, amplitude and 

frequency. Activation dynamics describes the effects resulting from the excitation and the 

conduction of the action potential, the neuromuscular transmission and electro-chemo-

mechanical activation process within the muscle fibers. Some activation dynamic modules have 

already been described in several reports (Riener et al, 1998, Previdi et al ,2004, Hussain et al). 

The activation dynamics should take into consideration the effect of spatial and temporal 

summation (it can be expressed by a non linear recruitment curve described in Riener (1998)), 

the non linear activation-frequency relationship, the linear second-order model for calcium 

dynamics, the muscle fatigue and recovery as well as the latency period between the activation 

and the onset of force production due to propagation delays. These identities require a minimal 

set of model parameters that should be experimentally determined. As primer work, the muscle 

model recently developed by Pereira (2009), is pointed out as a way to include muscle fatigue 

problematic into the simulation.  

As it was already referred, the simulation tool developed in this thesis constitutes an initial step 

and a preliminary study of a bigger project, the FCT DACHOR project (MIT-Pt/BS-

HHMS/0042/2008), which aims at creating a physical prototype of a hybrid orthosis, gathering 

the FES and Ankle-Foot Orthosis (AFO). This kind of devices stands as a potential solution for 

the foot drop disability. It appears as an effective clinical option for individuals with significant 

orthopedic complications that might otherwise contraindicate the prescription of the 

conventional braces or would not benefit from commercially available FES devices, since they 

are only suitable for drop foot patients with a central neurological origin (stimulation of the 

peripheral nerves instead of direct muscle stimulation).  

Plenty of research assessing the FES devices has been done in various centers all over the 

world. Both the hardware and the software must be improved in order to create the desirable 

and widespread clinical device, particularly the development of sensors, electrodes technology 

and processing signals. The development of control systems like the one presented, including 

the musculoskeletal models and the application of computer simulations, has taken relevant 
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steps and will continue to play an important role towards achieving the ultimate goal, the 

physical prototype of FES assisted walking. 
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Appendix A 

Brief description of some disorders likely related to neuromotor disorders  

A stroke or a cerebrovascular accident can be defined as a non-traumatic brain injury caused by 

occlusion or rupture of the cerebral blood vessels, resulting in a sudden neurologic deficit 

characterized by loss of motor control, altered sensation, cognitive or language impairment. 

After the stroke, the patient can suffer from hemiplegia, muscle weakness, poor control of 

voluntary movement as well as of trunk of balance and stability (Braddom, Buschmacher et al. 

2007).  

Spinal Cord Injury is defined as a disruption in the impulse conduction between the descending 

motor fibers from the motor cortex to the spinal motor neurons and the ascending somatic-

sensory fibers from the spinal cord to the brain. This results in permanent neurologic deficits, 

hence the loss of control below the level where injury occurred (Hamid and Hayek 2008). 

Cerebral Palsy is a pathology characterized by a three-part definition: a disorder of movement 

and posture caused by a non-progressive injury to the immature brain. This pathologic process 

in the brain does not progress and occurs during early development of the brain. This disease is 

one of the most common disabling conditions affecting children (Braddom, Buschmacher et al. 

2007). 

Multiple Sclerosis is a chronic disease characterized by the development of focal areas of 

degeneration of the myelin sheaths of the nerve fibers in the brain and in the spinal cord. The 

lesions develop in a random way throughout the brain and the spinal cord and are characterized 

by periodic episodes of acute neurological disturbances (Crowley 2007). 
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Appendix B 

Various available FES Systems (Hamid and Hayek 2008) 

Name of 
System 

Name of 
manufacturer 

FES 
category 

Type of 
system 

Implantable/ External 
FDA 

approval 
status 

PARASTEP-I 
Sigmedics Inc. 

USA 
Functional Ambulation External 

Approved  
2004 

ERGYS 2 

CLINICAL 

REHABILITATION 

SYSTEM 

Therapeutic 
Technologies Inc. 

USA 
Therapeutic 

Exercise/ 
cardiac 

conditioning 
External 

Not 
approved 

HANDMASTER 

NMS I 
NESS Co. Israel Functional 

Hand 
grasping 

Palmer and 
Lateral 

External 
Approved 

2001 

NEC FES MATE NESS Inc. Japan Functional 

Hand 
grasping 

Palmer and 
Lateral 

Implantable 
Not 

Approved 

FINETECH-
BRINDLEY 

SYSTEM 

Finetech medical 
Ltd. UK 

Functional 
Bladder & 

bowel 
function 

Implantable 
Approved 

1998 

MARKIV 

BREATHING 

PACEMAKER 

SYSTEM 

Avery Biomedical 
devices Inc. USA 

Functional 
Breathing 
assistance 

Implantable 
Approved 

1998 
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Appendix C 

 

Muscle during the gait 
The gait cycle is the period of time lag from the initial contact of one foot to the next contact of 

the same foot. The gait cycle consists of two phases (next figure): the swing phase, when the 

limb is swinging forward without contact of the surface, and the stance phase, when the foot is 

in contact with the surface. Five distinct events occur during the stance phase - heel-strike 

(heel-contact), foot flat, mid-stance, heel rise and toe-off – and it comprises about 60% of the 

total gait cycle. 

 

Figure C.1   Human ankle movements as function of walking gait phase (Au, Berniker 
et al. 2008) 

Several muscles participate in the gait cycle. Depending on the phase, different groups of 
muscles are activated. In the following figure, the progressive activation of the various muscles 
can be seen. 

 

Figure C.2 Activated muscle in the different phase of gait cycle (adapted from 
(Braddom, Buschmacher et al. 2007).  

The movements of the ankle during the gait cycle occur mainly in the sagittal plane, which 

requires the dorsiflexors and plantarflexors activity. The prime dorsiflexor is the Tibialis Anterior, 
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whereas the main plantarflexors are the Medial and the Lateral Gastrocnemius as well as the 

Soleus.  

The Tibialis Anterior is mainly activated at the end of swing to keep the foot dorsiflexed during 

the reach phase. Its activity has a peak immediately after the heel-contact, generating the force 

to lower the foot to the ground in opposition to the plantarflexing ground reaction forces. After 

the foot-flat, it decreases until the toe-off, when the Tibialis Anterior is required to achieve the 

dorsiflexion of the foot during mid swing. The Medial and the Lateral Gastrocnemius have 

almost identical activity and function. Their activity begins just prior to heel-contact and rises 

during the stance phase reaching a peak at mid push-off (50 % of the stride). Then activity 

decreases until the toe-off, where the low level activity remains into swing, acting as a knee 

flexor. The Solues acts as a plantar flexor and is active during the stance phase, initially to 

control the forward rotating leg and, between 40-60% of the stride period, to generate the 

explosive push-off (Winter 1991).  

The electromyography for these four muscles is schematically represented in the following 

figure. 

 

Figure C.3 Electromyography of a) Tibialis Anterior, b) Soleus, c) Gastrocnemius 
Medial and d) Gastrocnemius Lateral (adapted from (Winter, 1991)). 



  

 

 

 

 

Appendix D 

 

Simulation in Matlab 
The simulated system in the simulink (MatLab) was only a P-D controller, this meaning that no 

integrative component was included. The implementation of a PI-D would be identical, adding 

the respective integrative term into the block represented only by the proportional gain. In this 

kind of implementation, P-D (or PI-D), any derivative action in the control loop is avoided, since 

the values of the derivates are directly obtained as the output of the process (plant). The figure 

below is the designed system in the simulink.. 

 

Figure D.1 Schematic representation of the simulated system on the simulink, in 
MatLab environment. 
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Appendix E 

 

Gait trial 
Previously to the gait trial, special markers were placed on the subject at particular locations, in 

order to identify the different anatomical points (joints and extreme points of the segments, as is 

the foot case). The markers used were passive markers, which are made of reflective materials, 

being able to reflect the light beams to the camera.  

Then, the subject was able to perform a stride, executing it over a force plate, in order to 

measure the ground reaction forces for the feet. The human motion was recorded by four 

cameras Qualisys ProReflex, properly calibrated, and one video camera. The four cameras 

were placed separately at each corner of the room, enabling the three-dimensional motion 

reconstruction. Their location is schematically represented in the following figure. The 

digitization of the images as well as the three-dimensional motion reconstruction were 

performed automatically by a specialized software. In the end, a full, right description of the 

executed movement was obtained.  

 

Figure E.1 Schematically Representation of the camera displacement for the gait trial  

Although done automatically, digitization keeps being a process that introduces noise in the 

obtained trajectories, which distorts the original signal. The main sources of noise are errors in 

scanning, image and pixel size and hidden segments.   

In order to have more trustworthy kinematic data to apply in the biomechanical analysis, the 

experimental data were filtered, using a low pass filter. Its main function was to minimize the 

noise introduced in the coordinates during the digitization process. Bearing this in mind, a 

second order Butterworth filter, with double passage, was implemented.  

The filter reduces the noise, by attenuating the signal frequencies above a certain value, the 

cut-off frequency, fc . In this case, the data were captured with a sampling frequency, fs , of 50 
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Hz and the cut-off frequency was set at 2.5 Hz. This value was chosen because it corresponds 

approximately to the natural human motion frequency, which means that values above it would 

be noise.  

As it was mentioned, a second filtering was performed, since the Butterworth filter, besides 

reducing the high frequencies, also introduces a 90º phase-lag in the signal. Therefore, the 

initial phase can be obtained if the filter is applied a second time, in the reverse order of frames.

 

Figure E.2  Representation of the filtering procedure using the Butterworth 2
nd

 order, 
low pass filter (Silva 2003). 

The filtered signal, xi
F  can be obtained by the equation: 

xi
F = a0xi + a1xi−1 + a2xi−2 + b1xi−1

F + b2xi−2
F  

in which aj and bj are coefficients, with the constant value calculated using the following 

equations: 

a0 =
a1

2
= a2 =

k2

 1 + k1 + k2 
 

b1 = −2a0 + k3 

b2 = 1 − 2a0 − k3 

where ωc = tan π
fc

fs
 , k1 =  2ωc , k2 = ωc

2, k3 = 2
a0

k2
. 

  

 
 



  

 

 

 

 

Appendix F 

 

Activation patterns supplied in the feedforward approach 

The two figures represent the extra activation patterns applied in the combined 

feedforward/feedback approach. In those, the first curve, in green represents the activation 

relative to the Tibialis Anterior, whereas the red line depicts the activation referring to the plantar 

flexor muscles. The figure on the right exhibits two perfect sinusoids, only with different 

amplitudes. The figure on the left represents the activations applied in the last case, in which 

the performance of the controlled angle following the reference was the best achieved in this 

work. 

 

 

Figure F.1 The activations used in the feedforward/feedback approach. a) The two 
perfect sinusoids. b) The perfect sinusoid, in green, and an approximate 
sinusoidal function, in red.   
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Appendix G 

 

Modulation File 
*HEADER 

Knee_ankle_foot 

 

*MAIN PARAMETERS 

6 4 3 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 12 5 1 5 

 

*GROUND BODY 

2 5 6 

3 1 3 4 

0.472840418 -0.01449 0.446515308 

1.472840418 -0.01449 0.446515308 

0.00 1.00 0.00 

0.00 1.00 0.00 

0.00 0.00 1.00 

 

*RIGID BODIES 

BODY=1 

3.625 0.543E-2 1.915E-2 1.57E-2 

2 1 2 

2 1 2 

0.00 0.00 0.151 

0.00 0.00 -0.288 

0.00 1.00 0.00 

1.00 0.00 0.00 

 

BODY=2 

1.182 0.129E-2 0.128E-2 2.569E-2 

3 2 3 4 

1 3 

0.00 0.00 0.035 

-0.091 0.00 -0.035 

0.18 0.00 -0.035 

0.00 1.00 0.00 

 

BODY=3 

Body Mass Moment of inertia in local 

axes 
Number of points Points 

Number of vectors   Vectors 

Body Number 

Local coordinates of points 

Local direction of vectors 

Number of fixed points 

Number of fixed vectors   Fixed Vectors 

Fixed Points 

Coordinates of fixed points 

Direction  of fixed vectors 

Body Number 
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1 1 1 1 

2 5 6 

2 1 4 

0.00 0.00 0.00 

1.00 0.00 0.00 

0.00 1.00 0.00 

0.00 0.00 1.00 

 

*KINEMATIC DRIVERS 

DRIVER=1 

1 

1 1 

 

DRIVER=2 

4 

1 3 1 2 5 6 

 

*MUSCLES PARAMETERS 

MUSCLE=1 

0.321 

3.21 

603 

5 

0 

1 

3 

1 0.0185 -0.0119 -0.01640 1 

2 0.0339 0.0182 -0.2563   1 

3 0.0671 0.0224 0.0111    2 

 

MUSCLE=2 

0.298 

2.98 

2839 

25 

0 

1 

2 

1 -0.0025 -0.0073 -0.007 1 

2 -0.0439 -0.0026 0.0242 2 

 

MUSCLE=3 

0.453 

4.53 

1113 

17 

0 

1 

4 

1 -0.0137 0.0254 0.1604 1 

2 -0.0273 0.0281 0.144 1 

3 -0.0224 0.0304 0.1008 1 

4 -0.0439 -0.0026 0.0242 2 

Type of driver 

Driver Number 

Points Bodies 

Muscle Number 

   Rate of Length change 

  Penation Angle 

Resting Length 

Maximum Isometric Force 

Local coordinates of origin, 
via and insertion points 

Numbers of muscle points 

Number of respective body 
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MUSCLE=4 

0.449 

4.49 

488 

8 

0 

1 

4 

1 -0.0167 -0.0294 0.1604 1 

2 -0.0303 -0.029 0.1403 1 

3 -0.0249 -0.0242 0.1014 1 

4 -0.0439 -0.0026 0.0242 2 

 

MUSCLE=5 

0.434 

4.34 

310 

7 

0 

1 

5 

1 -0.0086 0.0019 -0.0599 1 

2 -0.0159 0.0202 -0.2667 1 

3 -0.0051 0.0199 0.0246 2 

4 0.0218 0.0182 0.011 2 

5 0.1157 -0.0193 -0.0145 2 

 

MUSCLE=6 

0.423 

4.23 

322 

10 

0 

1 

5 

1 -0.0081 -0.0252 -0.0896 1 

2 -0.0192 0.0179 -0.2695 1 

3 -0.0113 0.016 0.0209 2 

4 0.0544 0.0175 0.0002 2 

5 0.1224 0.0188 -0.0118 2 

 

MUSCLE=7 

0.447 

4.47 

341 

8 

0 

1 

4 

1 0.0033 -0.0284 0.0086 1 

2 0.0298 -0.0074 -0.262 1 

3 0.0429 -0.0077 0.00318 2 

4 0.116 -0.0207 -0.001 2 

 

MUSCLE=8 

0.416 

4.16 

108 

6 

0 
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1 

5 

1 0.0012 -0.0235 -0.0311 1 

2 0.0336 0.0088 -0.2598 1 

3 0.0477 0.0131 0.0319 2 

4 0.0796 0.0176 0.024 2 

5 0.1232 0.0199 0.0073 2 

 

MUSCLE=9 

0.341 

3.41 

1270 

12 

0 

1 

4 

1 -0.0097 -0.002 0.012 1 

2 -0.0148 -0.0236 -0.2667 1 

3 -0.007 0.0205 0.0266 2 

4 0.0281 0.02 0.0093 2 

 

MUSCLE=10 

0.211 

2.11 

348 

5 

0 

1 

5 

1 -0.0072 -0.0335 -0.1217 1 

2 -0.0204 -0.0292 -0.2803 1 

3 -0.0148 -0.0298 -0.2917 1 

4 -0.0017 -0.0309 0.0203 2 

5 0.0187 -0.0417 0.0154 2 

 

MUSCLE=11 

0.391 

3.91 

754 

10 

0 

1 

7 

1 0.0005 -0.0373 -0.0106 1 

2 -0.0213 -0.0295 -0.2824 1 

3 -0.0167 -0.0298 -0.2942 1 

4 -0.0049 -0.0297 0.0163 2 

5 0.0191 -0.0359 0.004 2 

6 0.036 -0.0195 0.0004 2 

7 0.0707 0.0104 0.0019 2 

 

MUSCLE=12 

0.179 

1.79 

90 

13 

0 

1 

3 

1 0.001 -0.0238 -0.138 1 

2 0.0236 -0.0164 -0.2684 1 
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3 0.0365 -0.0374 0.016 2 

 

 

*CONTROLLERS 

CONTROLLER=1 

6 1 1 

1 4.3 0.0007 0.04 

angle_gait.dat 

ffd_act3.dat 

 

CONTROLLER=2 

7 1 2 

1 0.16 0.00125 0.0008 

angle_gait.dat 

 

CONTROLLER=3 

7 1 3 

1 0.2 0.001 0.01 

angle_gait.dat 

 

CONTROLLER=4 

7 1 4 

1 0.2 0.001 0.01 

angle_gait.dat 

 

CONTROLLER=5 

7 1 5 

1 0.2 0.001 0.01 

angle_gait.dat 

 

 

*SENSORS 

SENSOR=1 

2 1 2 4 3 1 2 

 

*ACTUATORS 

ACTUATOR=1 

2 0 0 0 1 0 

 

ACTUATOR=2 

2 0 0 0 2 0 

 

ACTUATOR=3 

2 0 0 0 3 0 

 

ACTUATOR=4 

2 0 0 0 4 0 

 

ACTUATOR=5 

1 2 3 3 0 0 

 

*END FILE 

 
  

Reference 

Controller Parameter (Kp, Ti, Kd) 

Controller Number 

Type of controller Sensor Number Actuator Number 

Sensor Number 

Actuator Number 

Type of actuator 

Type of sensor Vector Points Bodies 

Bodies Muscle Activation Vector 

    Feedforward Activation 
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Simulation File 
*HEADER 

Knee_ankle_foot 

 

*ANALYSIS TYPE 

FORWARD 

 

*INITIAL INFORMATION 

BODY=1 

0.709393 -0.01439 0.358 0.00 0.00 0.00 

0.00 0.00 0.00   0.00 0.00 0.00 

 

BODY=2 

0.709393 -0.01439 0.035 0.00 0.028 0.00  

0.00 0.00 0.00 0.00 0.00 0.00 

 

BODY=3 

0.709393 -0.01439 0.509 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 0.00 

 

*GRAVITY FIELD VECTOR 

0.00 0.00 -9.81 

 

*A.L.F. PARAMETERS 

PENALTY FACTOR 

0.1E+08 

DAMPING RATIO 

0.1E+01 

FREQUENCY 

0.1E+02 

MAX ITERATIONS 

10000 

ERROR BOUND 

0.1E-03 

 

*INTEGRATION PARAMETERS 

METH/MITER 

 1 0 

INITIAL STEP SIZE 

 0.1000E-05 

ERROR BOUND 

 0.1000E-04 

 

Location of center of mass       Roll, yaw and picth 

Body Number 

Linear velocities Angular velocities 
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*MUSCLE ANALYSIS TYPE 

FES CONTROL 

 

*DO ANIMATION 

 

*EXPORT DATA 

*START/STOP/STEP 

0.00 1.084 0.001 

 

*END OF FILE 

 

          Sampling Time 


